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Abstract
Currently, LiCoO2 is widely used as cathode in lithium ion batteries for “small” 
applications (e.g., laptops and cell phones). However, the relatively high cost and 
safety problems limit its applications in electric vehicles. Partial substitution of Co 
with other transition metals, such as Ni and Mn, can lower costs and improve battery 
performance and safety. The present dissertation aims at studying the Li–(Co,Ni)–O 
system using CALPHAD (calculation of phase diagrams) modeling and ab initio
calculations. It is found that DFT (density functional theory) cannot be used to obtain 
accurate enthalpies of formation for transition metal-containing oxides. By probing a 
series of metal oxides using ab initio calculations, it is proposed that one needs to 
correct the GGA data with -0.8 and +0.8 eV shifts for oxides of transition metals with 
valence state of +2 and +4, respectively. This modifies strong correlations of localized 
and hybridized d transition metal states and provides an alternative to the Hubbard 
approach or the GW approximation, which enables the prediction of enthalpies of 
formation for transition metal-containing oxides. 
In the first part of the dissertation, the proposed corrections have been verified by 
the available experimental enthalpy data of the lithium cobalt oxides and lithium 
nickel oxides. With the obtained enthalpies of formation and the empirical entropy 
data, Gibbs energy functions of the cathodes are determined and the cell voltages of 
lithium ion batteries are calculated. Compared to the previously calculated cell 
voltage data, which underestimate experimental data by up to 15%, the calculations 
reported here are in good agreement with previously published experimental data. 
Hence, it is evident that the proposed theoretical approaches enable the prediction of 
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lithium ion battery cell voltages and provide reliable thermodynamic data for further 
CALPHAD modeling. 
As important cathode materials, the O3-LiCoO2, O2-LiCoO2, O3-LiNiO2 and 
O3-Li(Co,Ni)O2 phases have been studied in detail. The corresponding systems are 
O3 and O2 structural LiCoO2–CoO2, O3 structural LiNiO2–NiO2 and 
Li(Co,Ni)O2–(Co,Ni)O2. In the second and third parts of the dissertation, these 
systems are investigated using the CALPHAD approach. All the phases are described 
with appropriate sublattice models and parameters. The calculations on their phase 
diagrams and thermodynamic properties are in good agreement with literature data 
and the obtained ab initio results. Using the thermodynamic description derived in 
this dissertation, the cell voltages of Li/LiCoO2 and Li/O3-Li(Co,Ni)O2 are well 
reproduced. 
Furthermore, the phase stability of the component oxides, which is of relevance 
for lithium ion battery safety issues, is of interest. In the fourth part, the binary Li–O 
system is assessed using the CALPHAD approach. The phase equilibria and 
thermodynamic data of this system are critically reviewed. The liquid phase and two 
stable lithium oxides, Li2O and Li2O2, are modeled. The Li–O phase diagram at 1 bar 
total pressure is established for the first time. The literature data and present ab initio 
results are satisfactorily accounted for by the thermodynamic description. A set of 
self-consistent thermodynamic parameters for the Li–O system was obtained for 
modeling of further multi-component Li-containing oxide systems. 
Above all, the present work shows that CALPHAD modeling and ab initio
calculations can successfully be used to predict the phase transitions in lithium ion 
batteries, as well as the cell voltages. This enables the design of future cathode 
materials with improved stability and efficiency. 
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Zusammenfassung
Heutzutage werden in vielen Geräten der Unterhaltungselektronik, wie 
beispielsweise Laptops oder Smartphones, Lithium-Ionen-Batterien als 
Energiespeicher eingesetzt, die mit LiCoO2 als Kathodenmaterial arbeiten. In 
Elektrofahrzeugen jedoch kann LiCoO2 nur begrenzt eingesetzt werden, da die Kosten 
vergleichsweise groß sind, und Sicherheitsbedenken existieren. Ein Ansatz, der die 
Materialkosten verringern und zugleich die Stabilität und Sicherheit der Batterie 
erhöhen kann, ist die teilweise Substitution von Co durch andere Übergansmetalle wie 
beispielsweise Ni und Mn. Die vorliegende Dissertation befasst sich daher mit der 
Untersuchung des Li–(Co,Ni)–O-Systems unter Zuhilfenahme der 
CALPHAD-Methode (zur Berechnung von Phasendiagrammen) und ab 
initio-Rechnungen mittels der Dichtefunktionaltheorie (DFT). Es konnte gezeigt 
werden, dass die DFT zur hochgenauen Bestimmung der Bildungsenthalpie gewisser 
metallhaltiger Oxide ungeeignet ist. Nach Untersuchung einer Reihe von 
Metalloxiden mittels ab initio-Rechnungen wird vorgeschlagen, die GGA-Daten der 
Oxide, in denen die Übergangsmetalle mit den Valenzzuständen +2 und +4 vorliegen, 
um -0,8 bzw. +0,8 eV zu korrigieren. Dies modifiziert die starken Korrelationen 
zwischen den lokalisierten und hybridisierten d-Orbital-Übergangsmetallzuständen 
und stellt eine Alternative zum Hubbard-Ansatz oder der GW-Näherung dar, wodurch 
die Vorhersage der Bildungsenthalpie von Oxiden, die Übergangsmetalle enthalten 
ermöglicht wird. 
Im ersten Teil der Arbeit werden die vorhergesagten Korrekturen zuerst anhand 
experimenteller verfügbarer Enthalpiedaten unterschiedlicher Lithiumkobaltoxide und 
Lithiumnickeloxide auf ihre Richtigkeit überprüft. Anschließend werden mit den 
daraus erzielten Bildungsenthalpien und empirischen Entropiewerten die 
Gibbs-Energiefunktionen der Kathoden ermittelt und daraus die Zellspannung der 
Lithium-Ionen-Batterie berechnet. Im Vergleich zu den früher berechneten 
Zellspannungen, die die experimentellen Daten um teilweise bis zu 15% 
unterschätzten, zeigen die hier vorliegenden Rechnungen eine gute Übereinstimmung 
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mit veröffentlichten experimentellen Daten. Daraus ist ersichtlich, dass die 
vorgeschlagene theoretische Methode nicht nur die Vorhersage der Zellspannung von 
Lithium-Ionen-Batterien ermöglicht, sondern auch thermodynamische Daten für 
weitere CALPHAD-Modellierungen zur Verfügung stellen kann. 
Als wichtige Kathodenmaterialien werden die O3-LiCoO2-, O2-LiCoO2-, 
O3-LiNiO2- und die O3-Li(Co,Ni)O2-Phase detaillierter untersucht. Die 
entsprechenden Systeme sind O3- und O2-LiCoO2–CoO2, O3-LiNiO2–NiO2 und 
Li(Co,Ni)O2–(Co,Ni)O2. Im zweiten und dritten Teil der Arbeit werden diese Systeme 
mittels der CALPHAD-Methode untersucht. Alle Phasen werden mittels geeigneter 
Untergittermodelle und Parameter beschrieben. Sowohl die Berechnungen der 
entsprechenden Phasendiagramme als auch die thermodynamischen Eigenschaften 
zeigen gute Übereinstimmung mit Literaturdaten und den ab initio-Ergebnissen. Legt 
man die hier erarbeitete thermodynamische Beschreibung zugrunde, so werden die 
Zellspannungen von Li/LiCoO2 und Li/O3-Li(Co,Ni)O2 sehr gut wiedergegeben. 
Weiter ist die Phasenstabilität der in Lithium-Ionen-Batterien eingesetzten Oxide 
zu betrachten, da diese sicherheitsrelevant ist. Im vierten Teil der Arbeit wird das 
binäre Li–O-System mittels CALPHAD-Ansatz behandelt. Dazu werden die 
Gleichgewichtsphasen und die thermodynamischen Daten zunächst kritisch 
untersucht. Nicht nur die Flüssigphase sondern auch die beiden stabilen Lithiumoxide, 
Li2O und Li2O2, werden modelliert. Dabei wird erstmalig das Li–O-Phasediagramm 
unter einem Umgebungsdruck von 1 bar erarbeitet. Die vorliegende 
thermodynamische Beschreibung gibt die experimentellen Befunde und ab 
initio-Ergebnisse zufriedenstellend wieder. Daraus wurde ein Satz selbstkonsistenter 
thermodynamischer Daten erzeugt, mit dessen Hilfe auch mehrkomponentige, 
lithiumhaltige Oxidsysteme modelliert werden können.  
Diese Arbeit zeigt, dass es mit CALPHAD-Modellierungen und ab 
initio-Rechnungen nicht nur möglich ist, Phasenübergänge in einer 
Lithium-Ionen-Batterie zu berechnen, sondern auch deren Zellspannungen 
vorherzusagen. Damit können zukünftig Kathodenmaterialien mit verbesserter 
Stabilität und Effizienz entwickelt werden. 
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Chapter 1 Introduction
1.1 Lithium ion batteries 
Lithium ion batteries (LIBs) are typical rechargeable batteries, in which lithium 
ions move from the anode to the cathode during discharging, and then move back 
during charging. This cycling process is also known as the intercalation and 
deintercalation of lithium ions.  
Compared to other rechargeable batteries, such as lead-acid, nickel-cadmium 
(Ni-Cd) and nickel-metal hydride (Ni-MH) batteries, LIBs have lower weight, higher 
energy density and a longer cycle life [1,2]. These excellent properties, as well as no 
memory effect and slow capacity loss, have made LIBs the most popular rechargeable 
batteries in the area of consumer electronics. People are using them everyday and 
everywhere, such as in cell phones, laptops, cameras, etc. In recent years, LIBs are 
becoming more and more attractive in electric vehicles (EV). Up to now, LIBs are 
thought to be the most promising candidate for plug-in hybrid electric vehicles 
(PHEV) or plug-in electric vehicles (PEV) because of high energy density and low 
weight. However, further research is still necessary to keep them as safe as possible 
and their cost as low as possible [2]. Also, demands for thin film LIBs have rapidly 
developed. Thin film LIBs have flexible shape and thickness, which can be used to 
make thinner portable electronics, such as radio frequency identification (RFID) and 
wireless sensors [3]. 
Chapter 1 Introduction 
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Fig. 1.1 Schematic diagram of a lithium ion cell. The 
arrows show the discharging process. Electron and 
Li
+
 move during charging in reverse directions.
Three key functional 
components of a LIB are 
the cathode, the anode and 
the electrolyte. Graphite is 
presently most popular 
anode. The lithium 
transition metal oxides, 
possessing high operating 
voltage, good reversibility 
and high capacity, are the 
most favored cathodes [1,2]. 
The electrolyte is usually a lithium salt in an organic non-aqueous solvent [1], such as 
lithium hexafluorophosphate (LiPF6) and lithium perchlorate (LiClO4). Fig. 1.1 shows 
a schematic diagram of a typical lithium ion cell, which is composed of a layered 
structural LiMO2 (M = transition metal) cathode and a graphite anode. During the 
discharging process, lithium ions are extracted from the anode host, move through the 
electrolyte and then intercalate into the cathode host. At the same time, electrons 
move from the cathode to the anode, which can be seen as electric current. This 
process is reversed during charging. The reaction of the whole LIB can be written as 
Cn + LiMO2  CnLix + Li1-xMO2. During the cycling, a number of chemical reactions 
take place in the cathodes. This leads to significant changes in the microstructure of 
Chapter 1 Introduction 
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the material. Phase diagrams are powerful tools to help understand these chemical 
reactions [4]. 
Usually, the cathode is the most expensive part with highest weight among the 
three key components in a LIB [4]. Also, the properties of the cathode specially affect 
the performance of the entire LIB. Lithium-transition metal oxides as cathodes have 
extensively been investigated. Typical examples are lithium cobalt oxide (such as 
LiCoO2) with a layered structure, lithium iron phosphate (LiFePO4) with an olivine 
structure and lithium manganese oxide (such as LiMn2O4) with a spinel structure. The 
theoretical specific capacities of LiCoO2, LiFePO4, and LiMn2O4 are 273 mAh/g, 170 
mAh/g and 297 mAh/g, respectively [5]. All of them have some disadvantages. 
LiCoO2 has a relatively high cost and safety problems; LiFePO4 exhibits a poor 
electronic conductivity; LiMn2O4 suffers from the Jahn–Teller distortion with a large 
volume change of the cathode, which leads to capacity drop of the battery. Recently, 
the Li(Co,M)O2 cathodes (M = transition metals), e.g. Li(Co,Ni,Mn)O2, have been 
developed to improve the properties of LiCoO2. The Li(Co,M)O2 cathodes are, 
however, less stable in comparison to the spinel structure. The thermal decomposition 
already occurs at low temperatures [6]. Such kind of phase transformations can also 
be explained by phase diagrams [7]. 
At present, research of LIBs is focusing on lower cost, lower capacity loss, 
longer lifetime, higher energy density, higher stability and inherent safety. However 
in practice, none of the present cathode materials is able to reach all these goals at the 
Chapter 1 Introduction 
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same time. Thus, the choice of certain cathode materials for a LIB is a compromise. 
Depending on the choices of materials, the voltage, capacity, life and safety of a LIB 
can change significantly. The very first step to design a new cathode material is to 
study its voltage and capacity, which can theoretically be predicted. Ab initio results 
have been proved to be a powerful tool to study the cathodes in LIBs [5-10]. 
1.2 Cathodes based on Li–(Co,Ni)–O system 
Lithium cobalt oxides and lithium nickel oxides have been used as quite popular 
cathodes. All the possible cathodes based on the Li–(Co,Ni)–O system are of great 
interest to study their phase equilibria, thermodynamic and electrochemical properties. 
The cathodes are: O3-LixMO2 (M = Co, Ni; 0  x  1), LixM2O4 (M = Co, Ni; 1  x 
2), O2-LixCoO2 (0  x  1), O4-LixCoO2 (0  x  1) and Li4+xCoO4 (0  x  2). To 
facilitate reading, they are classified into three groups, in which the oxides have 
layered, spinel and tetragonal structures, respectively. 
(a) Layered structural cathodes. LiCoO2 can exhibit three types of layered 
structures: O2, O3 and O4. Note that the letter (O) describes the Li ion site 
(octahedral) and the number (2, 3 or 4) indicates the number of slabs within the 
hexagonal phases [11]. The three different structures can be distinguished by the types 
of Li stacking (or oxygen packing). All of the structures consist of CoO6 octahedra 
interleaved with lithium ions, as shown in Fig. 1.2. The layered structures facilitate 
intercalation and deintercalation of lithium ions. 
Among the O2, O3 and O4 structures, O3-LiCoO2 with the space group 3R m is 
Chapter 1 Introduction 
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the most stable one, which has already been widely used in LIBs. The O2-LiCoO2 and 
O4-LiCoO2 phases, both with the space group P63mc, are found to be good candidates 
as cathodes in LIBs. The cycling behaviors of Li/O3-LiCoO2 and Li/O2-LiCoO2 are 
of interest for detailed studies, which will be shown in the following chapters. Only 
two papers have dealt with the newly found O4-LiCoO2 phase [12,13]. The cell 
voltage and capacity of Li/O4-LiCoO2 is quite similar to that of Li/O3-LiCoO2, but 
with absence of structural transformations [12]. Further experimental work needs to 
be carried out to study the O4-LiCoO2 phase. 
Fig. 1.2 Crystal structures of LiCoO2 with different stacking of Li layers. 
The relatively high cost and safety problems, associated with electrolyte 
oxidation during prolonged cycling, limit the applications of O3-LiCoO2 in industry 
[2,14,15]. As a replacement of LiCoO2, LiNiO2 (also with the O3 structure) is one of 
the attractive candidates [2,16-18]. However, the stoichoimetric LiNiO2 is very 
Chapter 1 Introduction 
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difficult to synthesize due to its lower thermodynamic stability compared to LiCoO2
[19] and the presence of excess nickel on Li sites [17,18]. These anti sites in LiNiO2
strongly affect the capacity of the batteries [2,17,18]. Li(Co,Ni)O2 with the O3 
structure, as the solid solution between LiCoO2 and LiNiO2, has been developed to 
alleviate the drawbacks of LiCoO2 and LiNiO2 [18,20,21]. 
(b) Spinel structural cathodes: LixM2O4 (M = Co, Ni; 1  x  2). Due to low cost, 
eco-friendly nature and high safety properties, the spinel LiMn2O4 is a promising 
potential cathode which is expected to replace LiCoO2 for future battery applications 
in electric vehicles [22]. However, the Li/LiMn2O4 cell show a fast capacity loss if 
cycled below 3 V, which is mainly caused by the Jahn-Teller effect. Substitution of a 
low valence transition metal for Mn can prevent the occurrence of the Jahn-Teller 
effect [23,24]. Co and Ni are potential candidates for the substitution. Thus, it is of 
interest to study the thermodynamic and electrochemical properties of the LiCo2O4
and LiNi2O4 phases. The structure of the LixCo2O4 phase and the diffusion path of Li 
in the cathode are shown in Fig. 1.3. The crystal has an fcc oxygen sublattice with 
Fig. 1.3 Structure of the spinel phase and the diffusion path of Li in the cathode. 
Chapter 1 Introduction 
- 7 - 
Co3+ residing in octahedral sites [25,26]. The Li ions can occupy two different sites: 
8a tetrahedral sites and 16c octahedral sites [25,26]. When the Li/LixCo2O4 cell is 
fully charged, the Li ions occupy 16c sites. When the cell is discharged, the Li ions 
will diffuse into 8a sites and the spinel LiCo2O4 phase forms [26,27]. The reaction of 
the Li/LixCo2O4 (1  x  2) cell can be expressed as: 
Charge+ 3 2 + 3+ 4+ 2 +
16c 2 16d 4 32e 8a 16d 4 32eDischarge
[Li ] [Co ] [O ] [Li ] [Co Co ] [O ] +Li +e+ − −⎯⎯⎯⎯→←⎯⎯⎯ .  
(c) Tetragonal structural cathode: Li4+xCoO4 (0  x  2). It has been known that 
t-Li6CoO4 is a good candidate of cathodes in LIBs [28]. The anti-fluorite structure, as 
shown in Fig. 1.4, facilitates deintercalation and intercalation of lithium ions in this 
phase. When the cell is charged, a distortion occurs and the tetragonal structure 
transforms into the monoclinic one, as shown in Fig. 1.4. The reaction of the 
Li/Li4+xCoO4 (0  x  2) cell can be expressed as: 
Charge +
6 4 4 4Discharge
-Li CoO -Li CoO +2Li +2t m e⎯⎯⎯⎯→←⎯⎯⎯ . 
Fig. 1.4 Structures of monoclinic Li4CoO4 and tetragonal Li6CoO4. 
1.3 Scientific motivation 
The major objective of this dissertation is to study the cathodes based on the 
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Li–(Co,Ni)–O system and to better understand their phase equilibria, thermodynamic 
and electrochemical properties. Special emphasis will be laid on the thermodynamic 
description of LiCoO2 and LiNiO2, as well as their solution phase, Li(Co,Ni)O2. A 
combined approach of CALPHAD and ab initio calculations is used and the details 
will be introduced in Chapter 2. 
In order to investigate the thermodynamic properties of cathodes in LIBs, the 
Ceder Group [7,29-35] carried out the DFT+U (density function theory with a 
Hubbard U correction) method and Monte Carlo simulations on lithium-transition 
metal oxides. However, it is not a universal method because the U value for a certain 
transition metal is arbitrary [7,29-35]. For instance, when performing ab initio 
calculations on the thermodynamic property, phase diagram and electrochemical 
property of the Li–Co–O system, three different U values are determined for Co in 
their work [7,30,33]. Thus, if an inappropriate U value is set, inaccurate results will 
limit researchers to study the properties of cathodes in LIBs. Furthermore, the 
previous work on electrochemistry using ab initio calculations and Monte Carlo 
simulations underestimates the cell voltages of LIBs by up to 15% [36-39]. Therefore, 
it is important to find a proper approach not only to obtain reliable thermodynamic 
data for lithium-transition metal oxides, but also to reasonably predict the cell 
voltages of LIBs. 
In Chapter 2.1, the theoretical approaches based on ab initio calculations and 
empirical methods are introduced to study the thermodynamic properties of metal 
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oxides. Using simple thermodynamic models, the Gibbs energy functions of the 
binary and ternary oxides in the Li–(Co,Ni)–O system can be determined. The 
obtained results are presented in Chapter 3.1. The Gibbs energy functions are then 
used to predict the cell voltages of LIBs and to verify the reliability of the proposed 
approaches. Also, the results provide necessary thermodynamic data for further 
CALPHAD (calculation of phase diagrams) simulations. To further study the phase 
equilibria in the cathodes during cycling of lithium ion cells, detailed studies need to 
be carried out using the CALPHAD approach. Among the cathodes introduced in 
Chapter 1.2, O3-LiCoO2, O2-LiCoO2, O3-LiNiO2 and O3-Li(Co,Ni)O2 are of interest 
to study their phase equilibria during the cycling of lithium ion cells. The related 
systems are O2 structural LiCoO2–CoO2 and O3 structural Li(Co,Ni)O2–(Co,Ni)O2 
systems. 
 Abe and Koyama [40] have performed thermodynamic modeling of the O3 
structural LiCoO2–CoO2 system using the CALPHAD approach. The Neumann-Kopp 
rule is applied to describe the Gibbs energy of O3-LiCoO2 [40], but the heat capacity 
of this phase has now been well determined in its whole stability range [41-45] and 
the heat capacity can, therefore, be modeled appropriately. Thus, it is necessary to 
remodel the O3-LiCoO2 phase. In their modeling, Abe and Koyama [40] based the 
ordering energy of the O3 phase on ab initio calculations [46]. However, this resulted 
in a too large ordering energy, giving a far too high order-disorder transition 
temperature and a cell voltage prediction that does not match experiments. Hence, the 
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O3 structural LiCoO2–CoO2 system needs to be reassessed. The results are presented 
in Chapter 3.2 and will be further used to model the O2 structural LiCoO2–CoO2
system and the O3 structural Li(Co,Ni)O2–(Co,Ni)O2 system. 
Since the Gibbs energy function of O3-LiCoO2 has been determined (in Chapter 
3.2), the function of O2-LiCoO2 can be obtained based on the enthalpy difference 
from O3-LiCoO2. Many researchers have studied the Li/O2-LiCoO2 cell by both 
experiments [39,45-49] and theoretical methods [39]. The phase changes during the 
cycling of this cell have been well determined [39,47,49]. Some thermodynamic and 
electrochemical properties of the O2 structural LiCoO2–CoO2 system have also been 
reported [39,47,50,51]. In addition, the O2 structure is attractive for Mn-containing 
cathodes because the irreversible transformation from the layered structure to spinel 
is not detected during the cycling of Li/O2-LiMnO2 and Li/O2-Li(Co,Mn)O2 [52]. 
Therefore, thermodynamic modeling of the O2 structural LiCoO2–CoO2 system is of 
great interest not only to better understand the properties of related materials but also 
to provide the thermodynamic basis to model further systems. The results are 
presented in Chapter 3.2. 
As introduced in Chapter 1.2, Li(Co,Ni)O2 with the O3 structure is of great 
interest to alleviate the drawbacks of LiCoO2 and LiNiO2. To better understand the 
properties of the Li/O3-Li(Co,Ni)O2 cells, it is of great interest to model the whole O3 
structural Li(Co,Ni)O2–(Co,Ni)O2 system. The O3 structural LiNiO2–NiO2 system 
needs to be optimized based on the literature information. Also, the thermodynamic 
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description of the O3 structural LiCoO2–CoO2 system (in Chapter 3.2) can be used for 
extrapolation to obtain thermodynamic description of the Li(Co,Ni)O2–(Co,Ni)O2
system. The results are presented in Chapter 3.3. 
To have insights into the stability of cathodes and safety of LIBs, information on 
the phase equilibria and thermodynamic properties of the Li–M–O (M = transition 
metal) system is of great importance. The CALPHAD approach can help to establish a 
thermodynamic database for multi-component Li-containing oxide systems. The 
thermodynamic description for the whole Li–(Co,Ni)–O system is of interest in this 
dissertation. However, experimental data on the ternary Li–Co–O and Li–Ni–O 
systems are scarce for thermodynamic modeling. The binary systems are firstly 
looked into. So far, thermodynamic assessments of the Co–O and Ni–O systems can 
be found in literature [53,54] but no assessment of the Li–O system is available. As a 
matter of fact, this binary phase diagram has not yet been established. Thus, the 
objectives are to establish the phase diagram of this system using the CALPHAD 
approach and to provide a set of self-consistent thermodynamic parameters to be used 
for multi-component Li-containing oxide systems. The results are presented in 
Chapter 3.4.
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Chapter 2 Methods
2.1 Ab initio calculations 
2.1.1 Introduction 
In the past decades, ab initio calculations have played an important role in both 
fundamental and applied research. It has become one of the most popular and reliable 
methods for computational physics, chemistry and materials science. It is also referred 
as first-principles calculations. The term “ab initio” is Latin for “from the beginning”. 
The calculations are performed with atomistic detail by solving the Schrödinger 
equation. It allows researchers to obtain the composition-structure-property 
relationships of matter without experimental data [55].  
Thermodynamic data are essential not only to better understand the properties of 
the cathodes in LIBs, but also to provide important input for the CALPHAD approach. 
When experimental information is scarce or completely lacking, it is necessary to 
obtain the data by ab initio calculations or empirical methods. It has been 
demonstrated that ab initio calculations provide a successful way of predicting the 
thermodynamic data for a wide range of materials, such as metallic compounds 
[56-58], metal carbides [59,60], etc. However, extensive work by the Ceder Group 
[29,30] shows that the pure DFT (density function theory) method cannot directly be 
used to obtain accurate enthalpies of formation for metal oxides. Although the 
DFT+U method has been introduced by the Ceder Group [7,29-35], it is not universal 
(as described in Chapter 1.3) and thus not applied in this work. 
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In the present dissertation, ab initio calculations were carried out using pure DFT, 
as implemented in the Vienna ab initio simulation package (VASP) [61]. The valence 
electrons were explicitly treated by projector augmented plane-wave potentials [62]. 
The generalized-gradient approximation (GGA) method was performed with the 
Blöchl corrections for the total energy [63]. A plane-wave cutoff energy of 500 eV 
and an energy convergence criterion of 0.01 meV for electronic structure 
self-consistency were used. The integration in the Brillouin zone was done on 
appropriate k-points, which was determined after Monkhorst-Pack [64]. Spin 
polarization effects were included because magnetic contributions to the total energy 
are significant. 
The enthalpy of formation (per metal) for the binary oxide (MOn) at 0 K was 
calculated using the following expression: 
Hf(MOn) = E(MOn) – [E(M) + 0.5·n·E(O2)],                              (1) 
where E(MOn), E(M) and E(O2) denote the total energies of MOn, M and O2, 
respectively. To calculate E(O2), 10×10×10 Å3 supercells were used to diminish the 
long-range interactions due to periodic boundary conditions imposed within the VASP 
code. The total energy of a single oxygen atom was also calculated and then the 
binding energy of the O2 molecule was obtained. Similarly, the enthalpy of formation 
for the Li-transition metal oxide, LixMyOz (M = Co, Ni), was calculated as follows: 
Hf(LixMyOz) = E(LixMyOz) – [xLiE(Li) + xME(M) + 0.5·xOE(O2)],            (2) 
where E(LixMyOz) and E(Li) denote the total energies of LixMyOz and Li, respectively. 
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2.1.2 Correction of ab initio results 
Since solely the GGA+U approach did not give rise to accurate enthalpies of 
formation for metal oxides [29], a series of oxides without the Hubbard correction 
were probed in order to unravel this issue. The enthalpies of formation were 
calculated for binary oxides of 14 metal elements (Li, Na, Mg, Al, K, Ca, V, Cr, Mn, 
Fe, Co, Ni, Cu and Zn). Since Ti exhibits weakly localized 3d electrons, which is 
different from other transition metals [30], Ti oxides were not studied in this work. 
Sc2O3 possesses a different structure from other transition metal oxides and thus was 
not considered. The studied oxides were separated into two groups. The first one 
comprised oxides of non-transition metals (Li, Na, Mg, Al, K, Ca, Cu and Zn), while 
the other one included oxides of transition metals (Cr, Mn, Fe, Co and Ni). Note that 
Cu and Zn have completely filled 
3d shells and have different 
properties (the maximum valence 
state is +2) from other transition 
metals, their oxides were 
considered as non-transition metal 
oxides in this work. 
The enthalpies of formation 
calculated for cobalt oxides using 
the GGA method are shown in Fig. 
Fig. 2.1 Calculated enthalpies of formation for 
cobalt oxides using the GGA method compared 
to the previous results [29,65,66]. 
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2.1. It is clear that the present work is consistent with Ref. [65] and Ref. [66], but 
different from Ref. [29]. The reason is that the binding energy of O2 in this work is 
calculated to be -5.64 eV, while the result from Ref. [29] is -6.02 eV. Compared to 
experimental value (-5.23 eV), the GGA method underestimates the binding energy of 
O2, which is a well known issue for the GGA exchange-correlation treatment [67,68]. 
This difference leads to a deviation in the enthalpies of formation between this work 
and Ref. [29]. By using a -1.36 eV energy correction for O2 molecule, they obtain the 
best fit of enthalpies of formation for the non-transition metal oxides. However, the 
present ab initio results directly show reasonable agreement with the experimental 
results [69,70], as shown in Fig. 2.2a. 
Fig. 2.2 Calculated enthalpies of formation for: (a) non-transition metal oxides 
compared to the experimental results [69,70]; (b) transition metal oxides compared to 
the experimental results [19,51,69-71]. Note that Ref. [69] and Ref. [70] are 
assessments of experimental results and thus considered to be experimental data in 
this work. 
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Fig. 2.2b shows the calculated enthalpies of formation for the transition metal 
oxides. For the oxides of transition metals with valence state +2.7 or +3, the 
calculated results agree well with experimental data [15,51,69-71]. The exceptions are 
the results for iron oxides, which will not be discussed further because they are not 
within the scope of this work. For oxides of transition metals with valence state of +2 
(MO), the calculation overestimates the enthalpies of formation, while with valence 
state of +4 (MO2), the calculation underestimates the enthalpies of formation. This is 
due to inaccuracies of the GGA method in the correlation energy of the 3d states in 
the transition metal oxides [29,30]. Strong as well as weak correlations are still a 
challenge for DFT. Although the Ceder Group [29] suggested the GGA+U method to 
calculate the enthalpies of formation for transition metal oxides, the determination of 
U is not straight forward [29,32,72] and hence the following approach is suggested. 
Simply and clearly from Fig. 2.2b, one can obtain the accurately calculated enthalpy 
of formation per mol metal by corrections of -0.8 eV for MO and +0.8 eV for MO2. 
To rationalize the present correction proposal, an example of transition metal 
oxides is considered, namely vanadium oxides, and their partial density of states 
(DOS) are given in Fig. 2.3. Fig. 2.3a shows the partial DOS for the rock-salt 
structured VO. It is evident that V 3d states are localized, but at the same time they 
hybridize with O 2p states. For instance, this is transparent in the range from 
approximately -10 to -5 eV. V2O3 (Fig. 2.3b) and V2O4 (Fig. 2.3c) are characterized 
with the comparable electronic structure. As the valency of V is increased from +2 to 
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Fig. 2.3 Partial density of states (DOS) for 
vanadium oxides: (a)VO; (b)V2O3; (c)V2O4. 
Fermi level is set to 0 eV. Note that for VO 
and V2O3, the partial density of V d states are 
plotted by adding the up and down spin 
states.
+4, it is apparent that the hybridized V 3d – O 2p states shift towards higher energies. 
This in turn changes the nature of localized V 3d states. It seems that the localization 
of V 3d states in V2O3 gives rise to 
correct total energies, and hence, 
the enthalpy of formation agrees 
well with the experimental value. 
Obviously, one would need to shift 
the V 3d states in VO and V2O4, 
for instance using the Hubbard 
approach (GGA+U) or the 
perturbation theory. It is worth 
noting that shifts of different sign 
and magnitude may be required. 
The Hubbard parameter is often 
debated due to choice of 
observables probed or difficult to 
unambiguously determine from 
self-consistent approaches [72], 
while the perturbation theory, such 
as the GW approximation [73], 
requires an extensive CPU time. 
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Since these corrections are computationally demanding, a very simple correction is 
applied, as described above. Furthermore, the present correction proposal may also 
explain as to why VO has a tendency to appear metastable in DFT calculations 
[74,75]. Vacancy stabilization was normally assumed for VO, but it may also be 
related to the inaccurate enthalpy of formation at 0 K, which can easily be corrected 
by the present proposal. 
2.1.3 Method to verify ab initio results 
As the results will be used to study the thermodynamic properties of cathodes in 
lithium ion cells and provide thermodynamic data for CALPHAD modeling, the 
reliability of the present proposal should be verified. Apparently, one can compare the 
results with available experimental values. For the lithium cobalt oxides and lithium 
nickel oxides whose experimental enthalpies of formation are lacking, the following 
method is applied to fulfill the destination. Firstly, the entropies of formation for the 
oxides are obtained using empirical methods. Then, the obtained enthalpies of 
formation from ab initio calculations and the empirical entropy data are used to 
determine the Gibbs energy functions for the oxides. Finally, the cell voltages of LIBs 
are calculated and compared with experimental data. In another way, the proposed 
theoretical approaches can be used to predict the cell voltages of LIBs. 
(a) Entropies of formation: empirical predictions. Considering the absence of 
experimental data and reliable calculations, it is necessary to estimate the entropies of 
metal oxides at 298 K by empirical methods. There are several publications 
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concerning the estimation of standard entropy data of inorganic compounds [69,76,78] 
showing reasonable agreements between the estimated and known experimental 
results. Thus, the method suggested by Kubaschewski et al. [69] was applied in the 
present work. The entropy data of the oxide, MOn, can be derived from the values of 
the anionic and cationic contributions using the following expression:
S(MOn) = S(M) + n·S(O),                                              (3) 
where S(M) and S(O) denote the anionic and cationic contributions, respectively, 
which can directly be read from the tables in Ref. [69]. Similarly, the entropy data can 
be obtained for the Li-transition metal oxide, LixMyOz (M = Co, Ni). Then, the 
entropies of formation for the oxides can be expressed as follows: 
S(MOn) = S(MOn) – [S(M) + 0.5·n·S(O2)],                                (4) 
S(LixMyOz) = S(LixMyOz) – [xLiS(Li) + xCo·S(M) + 0.5·xO·S(O2)],            (5) 
where S(Li), S(M) and S(O2) denote the standard entropies of Li, M and O2 in the 
reference states, respectively.  
(b) Determination of Gibbs energy functions. For stoichoimetric LixMyOz (M = 
Co, Ni) phases, the Neumann-Kopp rule was applied for the heat capacity, so the 
Gibbs energy function can be expressed as follows (taking LixCoyOz as an example): 
o Li Co O
m
x y zG – xLi o BCC_A2LiG  – xCo
o HCP_A3
CoG  – 0.5·xO 2
o GAS
OG = H – S·T,              (6) 
where H, S and T denote the enthalpy of formation, the entropy of formation and 
the temperature, respectively. 
In LIBs, when the lithium ions are deintercalated from the cathodes, vacancies 
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form on the Li sublattice. So, the stoichoimetric LixMyOz phase should in turn be 
referred to the (Li,Va)xMyOz phase. The Gibbs energy function of (Li, Va)xMyOz  can 
be determined by the following equation: 
o (Li,Va) M O
m
x y zG = yLi o Li M Om
x y zG + (1 – yLi) o M Om
y zG   
+ x·R·T·[yLi·lnyLi + (1 – yLi)·ln(1 – yLi)] + yLi·(1 – yLi)·LLi,Va:M:O,   (7) 
where yi (i = Li, Va) is the fraction of the species i in the first sublattice, LLi,Va:M:O is 
the interaction parameter between the LixMyOz and MyOz compositions. Taking 
LixCoO2 (0  x  1) as an example, LLi,Va:M:O can be determined by ab initio
calculations based on regular solution approximation using the following expression: 
x·(1 – x)·LLi,Va:M:O= E(LixCoO2) – x·E(LiCoO2) – (1 – x)·E(CoO2).             (8) 
(c) Cell voltage calculations. The cell voltage (V) of a lithium ion cell can be 
calculated using the following equation: 
Cathode Anode
Li LiV
Fz
μ μ−
= − ,           (9) 
where Li is the Li chemical potential, z
is the moles of electrons involved (for 
Li+, z=1), and F is Faraday’s constant. 
The cell voltage of a Li/Li+ cell can be 
expressed as follows: 
Cathode
LiV
F
μ
= − .                     (10) 
To facilitate reading, the present theoretical method is summarized and shown as 
Fig. 2.4 The flow chart of the present 
theoretical approaches.
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the flow chart in Fig. 2.4. 
2.2 CALPHAD approach 
2.2.1 Introduction 
The CALPHAD approach has been proved to be a powerful tool to evaluate 
Gibbs free energy, predict multi-component phase diagrams and help to design new 
materials. As mentioned in the abstract, CALPHAD stands for CALculation of PHAse 
Diagrams. It has been better defined by the subtitle of the CALPHAD journal 
(Computer Coupling of Phase Diagrams and Thermochemistry). This approach is 
based on the fact that equilibrium 
phase diagram of a system is a 
manifestation of its thermodynamic 
properties [79]. Thus, if the 
thermodynamic properties of all the 
phases in a system are assessed, the 
phase diagram can be calculated. 
Fig. 2.5 shows the flow chart of 
the CALPHAD approach [80]. 
Firstly, reliable thermodynamic and 
phase equilibria data are necessary as 
input parameters, which can stem 
from experiments, theoretical calculations or estimation. Secondly, appropriate 
Fig. 2.5 The flow chart of the CALPHAD 
approach [80].
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thermodynamic models are used for individual phases. Thirdly, adjustable 
thermodynamic parameters are introduced and then optimized considering all the 
reliable data. The above steps are known as the process of “thermodynamic 
optimization”. This process can be achieved using the PARROT module within the 
Thermo-Calc software [81], which works by minimizing the square sum of the 
differences between measured and calculated values.
The obtained parameters from the “thermodynamic optimization” process 
together with parameters of pure elements generate the thermodynamic dataset of a 
system. The phase diagram of this system can be calculated using the POLY-3 module 
within the Thermo-Calc software [81]. Also, the unknown phase equilibria and 
thermodynamic properties can be predicted. The applications of the CALPHAD 
calculations can save large amounts of experimental work and make predictions 
available for multi-component systems. 
Knowledge of thermodynamic properties of the Li–(Co,Ni)–O system is 
fundamental to study the stability and electrochemical properties of lithium ion cells. 
The CALPHAD approach can help to predict the stable Li–O phase diagram and to 
reproduce the phase diagram of pseudo-binary systems, such as the layered O3 
structural LiCoO2–CoO2 sysem. 
From Fig. 2.5, it can be concluded that the accuracy of thermodynamic databases 
is most important for applications of the CALPHAD approach. This in turn suggests 
that reliable thermodynamic parameters and appropriate thermodynamic models are 
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prerequisite. Accurate Gibbs energy functions of individual phases are essential to get 
the correct phase diagram. It is also important, for cathodes in LIBs, to predict the cell 
voltages and study the electrochemical properties of batteries, which will be shown in 
the following chapters 
In the present dissertation, the CALPHAD approach is used to obtain the 
thermodynamic datasets of the sub-systems based on the Li–(Co,Ni)–O system. The 
thermodynamic models in each system are given as follows. 
2.2.2 Models in O3 structural Li(Co,Ni)O2–(Co,Ni)O2 system 
Four phases, i.e. O3, O3’ (ordered O3), H1-3 and O1, are modeled using 
appropriate sublattice models in this system. 
(a) O3 phase and O3’ phases. Considering the order-disorder transition, a 
four-sublattice model is applied to describe both the O3 and O3’ phases, written as (Li, 
Va)1/2(Li, Va)1/2(M)1(O)2 (M = Co, Ni). In the disordered state, the first sublattice and 
the second one are identical, thus the description for this part is (Li, Va)1(M)1(O)2. 
The Gibbs energy of both the ordered and disordered states can be expressed using a 
single equation [82,83]: 
Ord Dis Ord Ord( ) ( ) ( )s sm m i m i m i iG G x G y G y x= + − = ,                               (11) 
where DismG denotes the Gibbs energy of the disordered phase. 
Ord ( )sm iG y – 
G Ord ( )sm i iy x= denotes the contribution of the ordered phase to the Gibbs energy and is 
equal to 0 when the disordered O3 phase is stable. 
 The Gibbs energy for the disordered O3 phase is as follows: 
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2 2O3-LiMO O3-MODis
Li Va Li Li Va Va( ln ln )m m mG x G x G RT x x x x= ⋅ + ⋅ + ⋅ + ⋅
    
 Dis
Li Va Li,Va:Co:O Li Va
0
( )
N
n i
n
x x L x x
=
+ ⋅ ⋅ −

,                                 (12) 
where 2O3-LiCoOmG and 2
O3-CoO
mG are the Gibbs energy of the O3-LixMO2 phase at x = 1 
and x = 0, respectively. xLi and xVa denote the mole fractions of Li and Va, 
respectively. R is the gas constant. The interaction parameter in Eq. (12),  DisLi,Va:M:O
nL , 
can be described as follows: 
 Dis
Li,Va:M:O
n
n nL a b T= + ⋅ .                                              (13) 
Considering the heat capacity data [41-43], O3-LiCoO2 is modeled using the 
following expression: 
2O3-LiCoOo
mG –  H
SER
Li  – H
SER
Co – 2H
SER
O  = A + B·T + C·T·lnT + D·T
2 + E·T-1,      (14) 
where A and B are parameters to be optimized, the coefficients C, D and E, are 
obtained from the expression of heat capacity for O3-LiCoO2. 
The Neumann-Kopp rule is applied to describe O3-CoO2, O3-LiNiO2 and 
O3-NiO2 because no heat capacity data above 298 K are available: 
2O3-CoOo
mG – H
SER
Co  – 2 H
SER
O  =  A + B·T + 
o Co
mG + 2
Oo
mG ,                    (15a) 
2O3-LiNiOo
mG –  H
SER
Li  – H
SER
Co – 2H
SER
O  = A + B·T + 
o Li
mG  + 
o Ni
mG + 2
Oo
mG ,
       (15b) 
2O3-NiOo
mG – H
SER
Co  – 2 H
SER
O  =  A + B·T + 
o Ni
mG + 2
Oo
mG ,                    (15c) 
where A and B are parameters to be optimized. 
G Ord ( )sm iy in Eq. (11) can be represented as follows: 
Va Va Va Va
Ord ' " 0 Ord ' ' " "
: :M:O
Li Li Li Li
( ) 1/ 2 ( ln ln )sm i i i i j i i i i
i i i i
G y y y G RT y y y y
= = = =
= + ⋅ ⋅ + ⋅
  
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        +
Va
' ' " 0  Ord
Li Va Li,Va: :M:O
Li
i i
i
y y y L
=
⋅ ⋅ ⋅

+
Va
" " ' 0  Ord
Li Va :Li,Va:M:O
Li
i i
i
y y y L
=
⋅ ⋅ ⋅

        + ' ' " " 0  OrdLi Va Li Va Li,Va:Li,Va:M:Oy y y y L⋅ ⋅ ⋅ ⋅ ,                             (16) 
where 0 Ord: :M:Oi jG , 
m
iy , L are the Gibbs energy of the corresponding end-members, 
lattice fraction of the m-th sublattice, the interaction parameter, respectively.  
The Gibbs energy expressions of O3-LiCoO2 and O3-CoO2 will be used as 
references to model other phases in the O3 structural LiCoO2–CoO2 system. Also, the 
Gibbs energy expressions of O3-LiCoO2 will be a reference for other structural 
LiCoO2 phase. 
(b) H1-3 phase. This phase is described using the three sublattice model, (Li, Va) 
1/2(M)1(O)2 within the compound energy formalism [82]. The Gibbs energy of this 
phase is designated below: 
o H1-3
mG  = 
' o H1-3 ' o H1-3 ' ' ' '
Li Li:M:O Va Va:M:O Li Li Va Va1/ 2 ( ln ln )y G y G RT y y y y⋅ + ⋅ + ⋅ ⋅ + ⋅
       
' ' 0 H1-3 ' ' 1 H1-3
Li Va Li,Va:M:O Li Va Li,Va:M:O[ ( ) ...]y y L y y L+ ⋅ ⋅ + − ⋅ + ,                (17a) 
o H1-3
Li:M:OG  = A + B·T + 0.5· 2
O3-MOo
mG + 0.5· 2
O3-LiMOo
mG ,                     (17b) 
o H1-3
Va:M:OG  = A + B·T + 2
O3-MOo
mG ,                                     (17c) 
where 'Liy  and
'
Vay denote the site fractions of Li and Va in the first sublattice, 
respectively. R is the gas constant. 
(c) O1 phase. As there is no solubility of Li in this phase, it is modeled as a 
stoichiometric compound, i.e., (M)1(O)2. The Gibbs energy of O1-MO2 expressed as 
follows: 
o O1
mG – H
SER
M  – 2H
SER
O  =  A + B·T + 2
O3-MOo
mG .                          (18) 
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2.2.3 Models in O2 structural LiCoO2–CoO2 system 
Five phases, i.e. O2, O2’ (ordered O2), T#2, T#2’ (ordered T#2) and O6, are 
modeled using appropriate sublattice models in this system. 
 (a) O2 and O2’ phases. The thermodynamic model of O2 and O2’ is similar to 
that of O3 and O3’. Equations (11), (12), (13) and (16) can be applied to describe both 
the disordered O2 and ordered O2’ phases. The Gibbs energy expression of the 
disordered O2 phase is as follows: 
2 2O2-LiCoO O2-CoODis
Li Va Li Li Va Va( ln ln )m m mG x G x G RT x x x x= ⋅ + ⋅ + ⋅ + ⋅
    
 Dis
Li Va Li,Va:Co:O Li Va
0
( )
N
n i
n
x x L x x
=
+ ⋅ ⋅ −

,                               (19a) 
2O2-LiCoOo
mG – H
SER
Li  – H
SER
Co – 2 H
SER
O = A + B·T + 2
O3-LiCoOo
mG ,              (19b) 
2O2-CoOo
mG – H
SER
Co  – 2 H
SER
O  = A + B·T + 
o Co
mG + 2
Oo
mG .                      (19c) 
(b) T#2 and T#2’ phases. The thermodynamic model of T#2 and T#2’ is also 
similar to that of O3 and O3’. Equations (11), (12), (13) and (16) can also be applied 
to describe both the disordered T#2 and ordered T#2’ phases. The Gibbs energy 
expression of the disordered T#2 phase is as follows: 
# #
2 2T 2-LiCoO T 2-CoODis
Li Va Li Li Va Va( ln ln )m m mG x G x G RT x x x x= ⋅ + ⋅ + ⋅ + ⋅
    
 Dis
Li Va Li,Va:Co:O Li Va
0
( )
N
n i
n
x x L x x
=
+ ⋅ ⋅ −

,                                (20a) 
#
2T 2-LiCoOo
mG – H
SER
Li  – H
SER
Co – 2 H
SER
O = A + B·T + 2
O2-LiCoOo
mG ,                (20b) 
#
2T 2-CoOo
mG – H
SER
Co  – 2 H
SER
O  = A + B·T + 2
O2-CoOo
mG .                        (20c) 
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(b) O6 phase. This phase is described using the three sublattice model, (Li, Va)1
(Co)1(O)2. The Gibbs energy of this phase is expressed as follows: 
2 2O6-LiCoO O6-CoODis
Li Va Li Li Va Va( ln ln )m m mG x G x G RT x x x x= ⋅ + ⋅ + ⋅ + ⋅
    
 Dis
Li Va Li,Va:Co:O Li Va
0
( )
N
n i
n
x x L x x
=
+ ⋅ ⋅ −

,                               (21a) 
2O6-LiCoOo
mG – H
SER
Li  – H
SER
Co – 2 H
SER
O = A + B·T + 2
O2-LiCoOo
mG ,               (21b) 
2O6-CoOo
mG – H
SER
Co  – 2 H
SER
O  = A + B·T + 2
O2-CoOo
mG .                        (21c) 
2.2.4 Models in Li–O system 
Four phases, i.e. liquid, Li2O, Li2O2 and gas, are modeled using appropriate 
sublattice models in this system. 
 (a) Liquid phase. The two-sublattice model for ionic liquids [84,85] is applied 
to describe the liquid phase. This model assumes that cations and anions can mix 
freely in their respective sublattices. The liquid phase is then described by 
(Li1+)p(O2−,Vaq−)q, where p and q vary with composition to maintain electroneutrality. 
Hypothetical negative vacancies are introduced in the anionic sublattice to make the 
model continuous from liquid Li to the liquid Li2O. In this description it is assumed 
that O0 or O -22  species are not present in the liquid under ambient pressure so that the 
liquid phase does not extend beyond the Li2O composition. In this case, p and q are 
given by  
p = 2 -2O y + q Va y ,                                                  (22a) 
q = +1Li y ,                                                          (22b) 
where ys is the site fraction of s (s = Li1+, O2− and Vaq−). In this particular case, where 
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Li1+ is the only cation, +1Li y = 1 and the model can then be expressed by 
(Li1+)p(O2−,Va1−)1, with p = 2 -2O y + Va y . 
The molar Gibbs energy of the liquid is given by an equation of the form: 
G Lm = -2O y
oG L
O :Li -2+1
+ Va y
oG L
Va :Li +1
+ RT( -2O y ln -2O y + Va y ln Va y ) + 
     -2O y Va y L
L
Va,O :Li -2+1
,
                                               (23) 
where 1+o LLi : VaG  is the Gibbs energy of pure liquid Li, as given by Dinsdale [86]. The 
Gibbs energy of liquid Li2O is expressed by the following equation: 
oG L O :Li -2+1 – 2 H
SER
Li  – H
SER
O  = 
oG OLi
O :Li
2
-2+1  + A + B·T,                       (24) 
where H SERi  is the molar enthalpy of the element i (i = Li, O) in its standard element 
reference (SER) state, oG OLi
O :Li
2
-2+1  is the Gibbs energy of solid Li2O. 
(b) Oxide phases. Two lithium oxides, Li2O and Li2O2, have very narrow ranges of 
homogeneity and thus considered as stoichiometric compounds. They are modeled 
using the following expression: 
oG 21+ 2-Li OLi : O
n – 2 H SERLi  – n H
SER
O   = A + B·T + C·T·lnT + D·T
2 + F·T-1,                (25) 
where the coefficients C, D, and F, are obtained from the expression of heat capacity 
for solid Li2On (n = 1, 2).  
(c) Gas phase. The gas phase is described as an ideal gas mixture of the species 
Li, Li2, O, O2, O3, Li2O and Li2O2, and its Gibbs energy per mol of species in the gas 
is given by: 
gas SER gas SER[ ln( )]i i i iG H y G H R T y R T− = − + ⋅ ⋅ + ⋅ ·ln(10
-5·P),               (26) 
where yi  is the mole fraction of species i, gas SERi iG H−  the Gibbs energy of species i, 
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and P the pressure in Pa. The Gibbs energy functions for the individual gas species Li, 
Li2, O, O3, Li2O and Li2O2 are taken from Ref. [87]. 
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Chapter 3 Results and discussion
3.1 Ab initio results 
3.1.1 Stoichiometric oxides in Li–(Co,Ni)–O system 
In the present dissertation, ab initio calculations have been carried out to study 
the stoichiometric oxides in the Li–(Co,Ni)–O system, whose structural data are 
summarized in Table 3.1. For the lattice parameters, the difference between the 
calculated and experimental values is within the range of -0.96% ~ +4.48%. This is 
within the expected precision for the exchange-correlation function chosen in this 
work. 
Table 3.1 Structural data for lithium cobalt oxides and lithium nickel oxides. Lattice 
parameters from literature are experimental results.
Phase Structure Space group
Lattice parameters (Å) 
Reference 
a    b     c 
Li2O fluorite Fm 3m 4.610 4.660 4.610 
4.660 4.610 4.660 
[88] 
This work 
Li2O2 hexagonal P63/mmc 3.153 3.153 7.771 
3.186 3.186 7.742 
[89] 
This work 
CoO rocksalt Fm 3m 4.240 4.240 4.240 
4.222 4.222 4.222 
[90] 
This work 
NiO rocksalt Fm 3m 4.152 4.152 4.152 
4.164 4.164 4.164 
[91] 
This work 
Co2O3 corundum R 3c 4.875 4.875 12.960 
4.875 4.875 12.712 
[92] 
This work 
Co3O4 spinel Fd 3m 8.065 8.065 8.065 
8.101 8.101 8.101 
[92] 
This work 
O1-CoO2 layered O1 P 3m1 2.820 2.820 4.238 
2.824 2.824 4.405 
[93] 
This work 
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O1-NiO2 layered O1 P 3m1 2.818 2.818 4.367 
2.822 2.822 4.563 
[94] 
This work 
O2-CoO2 layered O2 P63mc 2.808 2.808 8.489 This work 
O3-CoO2 layered O3 R 3m 2.822 2.822 12.879 
2.822 2.822 13.150 
[95] 
This work 
O3-NiO2 layered O3 R 3m 2.835 2.835 14.332 
2.831 2.831 13.804 
[96] 
This work 
O4-CoO2 layered O2 P63mc 2.814 2.814 18.995 This work 
O2-LiCoO2 layered O2 P63mc 2.802 2.802 9.536 
2.817 2.817 9.538 
[48] 
This work 
O3-LiCoO2 layered O3 R 3m 2.814 2.814 14.050 
2.831 2.831 14.255 
[93] 
This work 
O3-LiNiO2 layered O3 R 3m 2.877 2.877 14.188 
2.897 2.897 14.348 
[97,98] 
This work 
O4-LiCoO2 layered O2 P63mc 2.802 2.802 18.89 
2.822 2.822 19.223 
[12] 
This work 
s-LiCoO2 spinel Fd 3m 8.009 8.009 8.009 
8.130 8.130 8.130 
[99] 
This work 
s-LiNiO2 spinel Fd 3m 8.207 8.207 8.207 
8.183 8.183 8.183 
[100] 
This work 
LiCo2O4 spinel Fd 3m 8.002 8.002 8.002 
8.025 8.025 8.025 
[101] 
This work 
LiNi2O4 spinel Fd 3m 8.190 8.190 8.190 
8.111 8.111 8.111 
[102] 
This work 
m-Li4CoO4a monoclinic P21/m 5.340 6.160 5.180 
5.425 6.258 5.263 
[103] 
This work 
t-Li6CoO4 tetragonal P42/nmc 6.544 6.544 4.651 
6.694 6.694 4.607 
[104] 
This work 
aFor this phase, the experimental  is 90.4˚, while the calculated value is 90.3˚. 
Table 3.2 summarizes the calculated enthalpies of formation and entropies of 
formation for lithium cobalt oxides and lithium nickel oxides. In practice, O3-LiMO2
and s-LiMO2 (M = Co, Ni) are referred as HT-LiMO2 and LT-LiMO2 which are 
prepared at high temperature (~ 850 oC) and low temperature (~ 400 oC or ~ 180 oC), 
respectively [100,101]. According to the present calculations, it is difficult to judge 
which phase is more stable, because the enthalpy difference between the O3-LiMO2
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and s-LiMO2 phases is too small (-0.73 kJ/mol for Co and +2.9 kJ/mol for 
Ni-containing oxides). Also, the X-ray diffraction experiments show that the 
difference of the lattice parameters between O3-LiCoO2 and s-LiCoO2 is within the 
range of -1.3% ~ +0.4% [105]. The calculated enthalpies of formation for different 
structures of the MO2 phases show that O1 is the most stable structure. This is 
consistent with the experimental results that O1-MO2 forms after all Li ions are 
deintercalated from O3-LiMO2 in the Li/O3-LiMO2 cell [17,95,106]. The t-Li4CoO4
phase is isostructural with t-Li6CoO4, which forms after the Li ions are deintercalated 
from t-Li6CoO4 and the phase composition changes into Li4CoO4. The enthalpies of 
formation for t-Li6CoO4, t-Li4CoO4 and m-Li4CoO4 phases are also calculated for 
comparison. The m-Li6CoO4 phase is a fictitious phase with the same structure of 
m-Li4CoO4. The enthalpy difference between t-Li6CoO4 and m-Li6CoO4 is set equal to 
the difference between m-Li4CoO4 and t-Li4CoO4. 
Table 3.2 Summary of thermodynamic properties of lithium cobalt oxides and lithium 
nickel oxides.
Phase Hf (kJ/mol) Sf (J/(mol·K)) Method Reference 
Li2O -598.73 
-599.8 
-122.86 
-127.05 
Assessmenta
ab initio/EMb
[70] 
This work 
Li2O2 -632.62 
-673.5 
-206.82 
-202 
Assessment 
ab initio/EM 
[70] 
This work 
CoO -237.7  
-236.86 
-229.3 
-79.56 
-78.24 
-93.95 
Assessment 
CALPHAD 
ab initio/EM 
[70] 
[53] 
This work 
NiO -239.7 
-240.28 
-232.0 
-94.45 
-95.76 
-92.85 
Assessmenta
CALPHAD 
ab initio/EM 
[69] 
[54] 
This work 
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Co3O4 -910 
-915.39 
-922.8 
-385.91 
-390.8 
-385.1 
Assessment 
CALPHAD 
ab initio/EM 
[70] 
[53] 
This work 
O1-CoO2 -290 
-285.44 
-240 
-195.2 
CALPHAD 
ab initio/EM 
[40] 
This work 
O1-NiO2 -236.9 -194.1 ab initio/EM This work 
O2-CoO2 -282.7 -195.2 ab initio/EM This work 
O3-CoO2 -285.9 
-281.9 
-240 
-195.2 
CALPHAD 
ab initio/EM 
[40] 
This work 
O3-NiO2 -236.1 -194.1 ab initio/EM This work 
O4-CoO2 -284.4 -195.2 ab initio/EM This work 
O2-LiCoO2 -684.4 -209.7 ab initio/EM This work 
O3-LiCoO2 -679.4 
-678 
-693.4 
-211.75 
-210 
-209.7 
Calorimetry 
CALPHAD 
ab initio/EM 
[41,51] 
[40] 
This work 
O3-LiNiO2 -593 
-602.0 
– 
-208.6 
Calorimetry 
ab initio/EM 
[19] 
This work 
O4-LiCoO2 -690.3 -209.7 ab initio/EM This work 
s-LiCoO2 -694.1 -209.7 ab initio/EM This work 
s-LiNiO2 -599.1 -208.6 ab initio/EM This work 
LiCo2O4 -1127.0 -403.7 ab initio/EM This work 
LiNi2O4 -981.9 -401.5 ab initio/EM This work 
m-Li4CoO4 -1454.2 -451.3 ab initio/EM This work 
m-Li6CoO4c -1881.0 -614.8 ab initio/EM This work 
t-Li4CoO4  -1396.7 -451.3 ab initio/EM This work 
t-Li6CoO4 -1938.4 -614.8 ab initio/EM This work 
aRefs. [69] and [70] are assessments of experimental results and thus considered as 
experimental data. 
bEM means the empirical method [69] applied in the present work. 
cThis phase is a fictitious phase with the same structure as m-Li4CoO4. The enthalpy 
difference between t-Li6CoO4 and m-Li6CoO4 is set equal to the difference between 
m-Li4CoO4 and t-Li4CoO4. 
From Table 3.2, it can also be seen that the entropies of formation for different 
phases with the same components and compositions are identical. This means that for 
a phase, if a certain structure is stable at 0 K compared to other structures, it will be 
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stable at any temperature. To explain this, Mn3O4 is taken as an example, which 
undergoes a polymorphic transition from tetragonal -Mn3O4 to cubic -Mn3O4 with 
increasing temperature. According to Eq. (6), the difference between the Gibbs energy 
functions of tetragonal -Mn3O4 and -Mn3O4 is only the value of H. Thus, the 
empirical method suggested by Kubaschewski et al. [69] cannot be used to describe 
the high temperature – low temperature phase transformation. 
Experimental and CALPHAD results are also presented for comparison in Table 
3.2. The presently obtained results are consistent with the experimental 
[19,41,51,69,70] and CALPHAD [40,53,54] results in most cases. However, there is a 
large disparity with the entropy of formation for the CoO2 phase (O1-CoO2 or 
O3-CoO2). The problem is that the standard entropy data of the CoO2 phase obtained 
by Abe and Koyama [40] is -4.9 J/(mol·K), which is thermodynamically impossible. 
In comparison, the present result is more reasonable with the value of 39.9 J/(mol·K). 
This problem has been fixed in the reassessment of the O3 structural LiCoO2–CoO2
system, which will be presented in Chapter 3.2. 
3.1.2 LixNiO2 and LiCoyNi1-yO2 phases 
Because of insufficient experimental and theoretical data for the O3 structural 
LiNiO2–NiO2 system, ab initio calculations have been carried out to study LixNiO2
phases in detail. The lattice parameters of the studied phases are provided in Table 3.3 
and the difference between the calculated and the average experimental values is 
within the range of -0.1% ~ +2.7%. The calculated local magnetic moments for Ni in 
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the phases are also provided in Table 3.3. The value of Ni in O3-LiNiO2 is similar to 
that of pure Ni (0.604 B) [108]. The present calculations suggest that the local 
magnetic moment becomes smaller with decreasing Li content (x in LixNiO2) and the 
NiO2 (x = 0) phase is nonmagnetic. This is in good agreement with experiment [109].  
Table 3.3 Structural data for the phases in the LiNiO2–NiO2 pseudo-binary system. 
Lattice parameters from literature are experimental results. 
Phase Structure 
Lattice parameters 
(Å) x in 
LixNiO2
MNi  
(B)d
Reference 
a    b    c 
O3 phase 
(LixNiO2) 
hexagonal 2.880 2.880 14.180 
2.875 2.875 14.193 
2.877 2.877 14.188 
2.883 2.883 14.215 
2.897 2.897 14.348 
2.857 2.857 14.133 
x = 1 
x = 1 
x = 1 
x = 1 
x = 1 
x = 0 
– 
– 
– 
– 
0.744 
0 
[16] 
[94] 
[97] 
[107] 
This work 
This work 
H1-3 
phase 
(LixNiO2) 
hexagonal 2.825 2.825 14.386 
2.815 2.815 14.357 
2.820 2.820 14.445 
2.857 2.857 14.483b 
2.821 2.821 14.426b
x = 0.3 
x = 0.1 
x = 0.48 
x = 0.5 
x = 0 
– 
– 
– 
0.344 
0 
[16] 
[94] 
[107] 
This work 
This work 
O1 phase 
(LixNiO2) 
hexagonal 2.818 2.818 13.102 
2.814 2.814 13.580 
2.815 2.815 13.039c
2.821 2.821 13.434 
2.822 2.822 13.689c
x = 0.04 
x = 0 
x = 0 
x = 0 
x = 0 
– 
– 
– 
– 
0 
[94] 
[95] 
[106] 
[107] 
This work 
aThe reported  values from Refs. [16] and [107] are 109.49˚and 108.83˚, 
respectively.  
bFor a comparison, the c parameter has been divided by two. 
cFor comparisons, the c parameters have been multiplied by three. 
dMNi stands for magnetic moments of Ni in the compound.
The calculated enthalpies of formation for the phases in the LiNiO2–NiO2
pseudo-binary system are presented in Table 3.4. The calculation agrees well with the 
Chapter 3 Results and discussion 
- 37 - 
only available experimental data for O3-LiNiO2. At the composition of NiO2 (x = 0), 
although the energy difference between phases with the three structures is quite small, 
the relative stability is given in the following order: O1 > H1-3 > O3. This is 
consistent with the experimental result that the O1 structure is stable at this 
composition, instead of the O3 structure [95]. Also, the obtained energy difference 
between O1 and O3 (0.8 kJ/mol) is similar to the result from Ref. [13] (0.68 kJ/mol). 
According to the present calculation and Ref. [38], it can be concluded that at the 
composition of Li0.5NiO2, the H1-3 structure is less stable than the O3 structure. This 
suggests the H1-3 phase is stable within a certain composition range of 0 < x < 0.5 in 
LixNiO2, which is consistent with the experimental information [16,17,107,110]. 
Table 3.4 Enthalpies of formation per mole of formula unit for the phases in the 
LiNiO2–NiO2 pseudo-binary system. 
Phase Hf (kJ/mol) T (K) x in LixNiO2 Method Reference 
O3 –593 
–602.0 
–236.1 
298 
0 
0 
1 
1 
0 
Calorimetry 
ab initio 
ab initio 
[19] 
This work 
This work 
H1-3 –417.8 
–236.5 
0 
0 
0.5 
0 
ab initio 
ab initio 
This work 
This work 
O1 –236.9 0 0 ab initio This work 
Calculations on the O3-LiCoyNi1-yO2 (y = 0, 1/4, 1/3, 1/2, 2/3, 3/4 and 1) have 
also been performed. Fig. 3.1 shows the variation of the lattice parameters and c/a
ratio (both calculated and experimental results [19,20,111-115]) versus y in the 
O3-LiCoyNi1-yO2 solid solution. In all cases, the calculation overestimates the lattice 
parameters within an acceptable range (0.4 % ~ 1.2%) compared to the experimental 
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data. It is clearly seen from Fig. 3.1 that both a and c decrease almost linearly with 
increasing Co content. This trend is due to the decrease of the cation radius ( 3Cor +  = 
0.545 and 3Nir +  = 0.56 Å [116]). At the same time, the c/a ratio increases almost 
linearly with increasing Co content, suggesting that substitution of Co/Ni increases 
the 2D character of the structure [111]. 
Fig. 3.1 Ab initio calculated cell parameters and c/a ratio versus y in LiCoyNi1-yO2
compared with experimental values [19,20,110-115]. The dashed lines show that the 
data are almost linear. 
The calculated enthalpies of 
formation for the O3-LiCoyNi1-yO2 (y = 
0, 1/4, 1/3, 1/2, 2/3, 3/4 and 1) phases 
are shown in Fig. 3.2, which agree 
well with the experimental data [19]. 
The difference between the calculated 
and experimental enthalpies of 
formation is within an acceptable 
Fig. 3.2 Experimental [19] and calculated 
enthalpies of formation for LiCoyNi1-yO2. 
The dashed lines show linear trend of the 
data.
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range of -4.04 ~ -2.32 kJ/(mol-atoms). Similar to the trend of the lattice parameters, 
both the theoretical and experimental results for the enthalpies of formation show an 
approximately linear correlation versus the Co content. Although the enthalpies of 
formation suggest a positive enthalpy of mixing [19], it is very small (+0.19 ~ +1.09 
kJ/(mol-atoms)) and can be ignored. Thus, the solid solution of LiCoO2 and LiNiO2 is 
considered to be an ideal solution. 
3.1.3 Evidence of reliability: predictions of cell voltages 
To further verify the reliability of the obtained thermodynamic data of lithium 
cobalt oxides and lithium nickel oxides, the cell voltages of LIBs are calculated. 
Seven lithium ion cells are studied in the present calculations: Li/O3-LixMO2 (M = Co, 
Ni; 0  x  1), Li/LixM2O4 (1  x  2), Li/O2-LixCoO2 (0  x  1), Li/O4-LixCoO2 (0 
x  1) and Li/Li4+xCoO4 (0  x  2), which have been classified into three groups. 
(a) Cells with a layered structural cathode. Firstly, the Li/O3-LixCoO2 (0  x  1) 
cell is studied in detail. Note that the present models cannot describe the Li/vacancy 
ordering in the cathode, thus only the approximate average voltage profiles can be 
reproduced. The structure changes during charging and discharging are presented in 
Fig. 3.3a. In the present work, O1, H1-3, the monoclinic phase and O3 are considered. 
The voltage profile of this cell is calculated and shown as the solid line in Fig 3.3b. 
Although the Li/vacancy ordering is not considered, the calculated voltage profile can 
reflect the phase changes in the cathode during the cycling of the cell. When the cell is 
fully charged, the cathode has O1 structure. With x in LixCoO2 increases, it first 
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changes into H1-3 phase, which has a hybrid structure of O1 and O3, as shown in Fig. 
3.3a. This phase exist at x = 0.13 ~ 0.21 according to the calculation and at x = 0.11 ~ 
0.21 based on experiments [96]. Then the cathode changes into O3 structure. When x
is about 0.5, the hexagonal O3 structure will be distorted into the monoclinic structure 
[96,117,118]. The experiments show that this phase exist at x = 0.43 ~ 0.52 [96], 
0.47~0.52 [117] and 0.5 ~ 0.7 [118]. In the calculation, the monoclinic phase is 
considered as a stoichoimetric Li0.5CoO2 phase, and it is calculated to exist at x = 0.47 
~ 0.53. The voltage profile including only end-member phases is calculated and 
shown as the dashed line in Fig. 3.3b. The profile is smooth as the phase 
transformations are not considered. If one only compares the voltage intervals of these 
two lines, there is little difference. More detailed study on this cell using the 
CALPHAD approach will be presented in Chapter 3.2. 
Fig. 3.3 (a) Structure changes in the cathode: O1, H1-3, the monoclinic phase and O3. 
(b) Calculated cell voltages of Li/O3-LixCoO2 (0  x  1) at 300 K, the solid line 
shows calculation including all intermediate phases without considering Li/vacancy 
ordering and the dashed line shows calculation including only end-member phases. 
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Fig. 3.4 shows the calculated cell voltages of Li/O3-LixCoO2 (0  x  1) and 
Li/O3-LixNiO2 (0  x  1) at 300 K together with experiments [14,110,119-121], 
CALPHAD calculation [40] and the previous theoretical results [36-38]. The previous 
theoretical results clearly show underestimation of the cell voltages [36-38]. In 
comparison, the present calculations are in better agreement with the experimental 
results [14,110,119-121]. 
Fig. 3.4 Calculated cell voltages of Li/O3-LixMO2 (M = Co, Ni; 0  x  1) at 300 K 
compared to the experimental data [14,110,119-121], CALPHAD calculation [40] and 
the previous theoretical results [36-38]: (a) Li/O3-LixCoO2; (b) Li/O3-LixNiO2. 
Compared to O3-LiCoO2, both O2-LiCoO2 and O4-LiCoO2 have more positive 
enthalpies, as shown in Table 3.2. This is consistent with the fact that O3 structure is 
the most stable one. However, there is no O2  O3 or O4  O3 transformation at 
room temperature since it requires rearrangement of the strong Co-O bonds [39]. 
More detailed study on the Li/O2-LiCoO2 cell using the CALPHAD approach will be 
presented in Chapter 3.2. Here, the approximate average cell voltage of 
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Li/O2-LixCoO2 (0  x  1) at 300 K is calculated and shown in Fig. 3.5a. Compared 
with the previous calculation which underestimates the cell voltage [39], the present 
result shows more reasonable agreement with experiments [39,47,50]. The cell 
voltage of Li/O4-LixCoO2 (0  x  1) at 300 K together with the experimental 
charge/discharge curves [12] is shown in Fig. 3.5b. The present result can well 
describe the average voltage profile.
Fig. 3.5 Calculated cell voltage of the (a) Li/O2-LixCoO2 (0  x  1) and (b) 
Li/O4-LixCoO2 cells at 300 K compared to the experimental data [39,47,50,12] and 
the previous theoretical results [39]. 
(b) Cells with a spinel structural cathode: Li/LixM2O4 (M = Co, Ni; 1  x  2).
Although experimental results show that the Li ions can be deintercalated from the 
LiCo2O4 phase [27,105], only the cell voltages of Li/LixCo2O4 at 1  x  2 are 
calculated. One reason is that the reported cell voltage curves are quite different 
[27,105]. Another reason is that the end-member phase, which forms after all the Li 
ions are deintercalated, is not experimentally determined. The calculated cell voltage 
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of Li/LixCo2O4 at 300 K is shown in Fig. 3.6a, which reproduces the most recent 
experimental result quite well [62]. A similar calculation is performed for Li/LixNi2O4, 
also consistent with the experimental result [100], see Fig. 3.6b. 
Fig. 3.6 Calculated cell voltages of Li/LixM2O4 (M = Co, Ni; 1  x  2) at 300 K 
compared to the experimental results [62,100]: (a) Li/LixCo2O4; (b) Li/LixNi2O4. 
(c) Cell with a tetragonal structural 
cathode: Li/Li4+xCoO4 (0  x  2). As 
described above, the interaction 
parameters in the tetragonal and 
monoclinic phases are set equal for 
approximation. The calculated cell 
voltage of Li/Li4+xCoO4 (0  x  2) at 
300 K together with experimental data 
[28] is shown in Fig. 3.7. The present 
calculation can reproduce the experimental data reasonably [28]. 
Fig. 3.7 Calculated cell voltage of 
Li/Li4+xCoO2 (0  x  2) at 300 K 
compared to the experimental data [28].
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3.1.4 Summary 
Enthalpies of formation for lithium cobalt oxides and lithium nickel are obtained 
using ab initio calculations, which agree well with the available literature data. With 
the obtained enthalpies of formation and the empirical entropy data, Gibbs energy 
functions of the cathodes are determined and used to calculate the cell voltages of 
lithium ion cells. The good agreement between calculations and experimental data 
shows reliability of the proposed approaches to predict the cell voltages of LIBs.
3.2 Optimization of O3 and O2 structural LiCoO2–CoO2 systems 
3.2.1 Literature review of two systems 
(1) O3 structural LiCoO2–CoO2 system 
Five phases, i.e. O3, O3(II), M (monoclinic phase), H1-3 and O1, have been 
detected by experiments [14,47,95,117,122,123]. When x in LixCoO2 decreases to ~ 
0.5, a distortion of the O3 structure occurs and the monoclinic phase (M) is detected 
[14,95,122,123]. This phase is considered as the ordered O3 phase based on the 
experimental data [117]. Fig. 3.8 shows the structural relationship between hexagonal 
and monoclinic descriptions in LiCoO2. Using the equations reported by Ohzuku et al. 
[14], the cell parameters of these two structures can be transformed. If the monoclinic 
distortion is 0, both the structures are identical, as it can be seen from Fig. 3.8. Note 
that the reported monoclinic distortion is 0.21 at x = 0.5 [14]. Thus, it is also an 
evidence that the monoclinic phase can be treated as the ordered O3 phase. 
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The O3(II) phase comes from the 
insulator-metal transition of the O3 phase 
(the Li-rich O3 is an insulator) [124-128]. 
Due to lack of thermodynamic information, 
these two phases are considered as the 
same O3 phase [40]. In the 
thermodynamic modeling, only four 
phases (O3, O3’, H-13 and O1) are 
considered and their structural data are 
summarized by Abe and Koyama in Ref. 
[40]. Based on the following information, 
the O3 structural LiCoO2–CoO2 system 
will be reassessed. 
(a) Heat capacity of O3-LiCoO2. The heat capacity of O3-LiCoO2 between 13 
and 300 K was firstly measured by Kawaji et al. [41] using adiabatic calorimetry. 
Ménétrier et al. [42] also obtained similar results in the 1.8–300 K temperature range 
using the 2- relaxation method. Recently, Emelina et al. [43] reported heat capacity 
of this phase in the temperature ranges of 140-570 K by differential scanning 
calorimetry (DSC). All of the experimental data agree well with each other, as shown 
in Fig. 3.9. The following equation for the heat capacity data of O3-LiCoO2 above 
298 K (per mole formula unit) can be derived: 
Fig. 3.8 The structural relationship 
between hexagonal and monoclinic 
descriptions for LiCoO2. This 
diagram is adopted from Ref. [14]. 
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Cp(O3-LiCoO2) = 87.71 + 0.0214·T – 1.992 × 106 ·T-2, J/(mol·K).              (1) 
Because the heat capacity data 
are available, the Neumann-Kopp 
rule [40] should not be applied to 
describe the Gibbs energy of 
O3-LiCoO2. Heat capacity of 
Li0.75CoO2 and Li0.5CoO2 are also 
determined by Ito et al. [127] using a 
relaxation type calorimeter. These 
data are below 250 K and thus not 
considered in the thermodynamic 
modeling. 
(b) Entropy of CoO2. In the assessment of Abe and Koyama [40], the formation 
entropy of CoO2 from the pure elements is -240 J/(mol·K) (mol formula unit). 
Considering that the standard entropy for Co and O2 is 30 J/(mol·K) and 205.1 
J/(mol·K), respectively, the standard entropy of CoO2 obtained by Abe and Koyama is 
-4.9 J/(mol·K), which is thermodynamically impossible. Because no experimental 
data are available, the value of 39.9 J/(mol·K) obtained by the empirical method [69] 
can be used as an initial input. 
 (c) Electrochemical data of Li/O3-LiCoO2. Ziebert et al. [119] has successfully 
deposited the O3-LiCoO2 thin film on the substrate of stainless steel by radio 
Fig. 3.9 Heat capacity data of O3-LiCoO2
from literature [41-43] compared with the 
Cp function used in this work. The result 
from the Neumann-Kopp rule [40] is also 
presented. Values are given per mol 
formula unit (LiCoO2). 
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frequency magnetron sputtering. The as-deposited thin film was then annealed under 
argon/oxygen atmosphere (Ar/O2 = 4.5:5) for 3 h at 600 °C [119]. The composition 
of the film was determined by atomic emission spectrometry with an inductively 
coupled plasma optical emission spectroscopy (ICP-OES) and carrier gas heat 
extraction (CGHE) [119]. The result shows that the film is stoichiometric 
(Li1.0Co1.0O2.0) [119]. A CR2023 type button cell with conventional EC/DMC 
electrolyte (containing 1 M LiPF6) is assembled using the film as the cathode and 
pure Li as the anode [119]. The battery test was carried out using a BioLogic VMP3 
potentiostat/galvanostat [119]. Then, the open circuit voltage (OCV) curve of 
Li/O3-LiCoO2 was obtained [119]. The cell voltage curve [119] is almost the same as 
that in Refs. [14,47,129,130]. Thus, these data are considered most reliable compared 
to others [48,117,118,131]. 
(d) Ordering energy of the O3 phase. The ordered phase has been detected from 
both electrochemical tests and XRD (X-ray diffraction) results 
[14,47,95,117,120,123]. The results are consistent with each other, suggesting that the 
ordered phase exists in a narrow range around x = 0.5 (LixCoO2) at room temperature 
at an equilibrium state. Also, it is found that the maximum order-disorder transition 
temperature is about 330 K [117,120]. Besides, none of the experimental voltage 
curves of Li/LiCoO2 show a significant change due to the order-disorder transition. 
Thus, it is suggested that the energy difference between O3 and O3’ is very small. 
However, Abe and Koyama [40] adjusted the parameters of O3’ based on the ab initio
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calculations from Wolverton and Zunger [44], which shows a relatively large ordering 
energy from O3. This leads to a wide single O3’ phase region and a high 
order-disorder transition temperature [40]. Also, a significant change of the voltage 
value at x = 0.5 is predicted [40], which is inconsistent with the experimental data 
[14,47,117]. 
(2) O2 structural LiCoO2–CoO2 system 
(a) Phase diagram data. The phase changes during the cycling of Li/O2-LixCoO2
(0  x  1) were first studied by Mendiboure et al. [46]. Their results seem not to be 
reliable because the cycling only reaches x = 0.6. Only three phases are detected: O2, 
O2* (corrected as T#2 according to Ref. [39,49]) and O6. Later, Paulsen et al. [47] 
performed more detailed experiments on this system and their results are quite similar 
to the latest results reported by Carlier et al. [39]. During the charging of the 
Li/O2-LiCoO2 cell, the phases change is in the sequence of O2  T#2  T#2’ 
(ordered T#2)  O6  O2’ (ordered O2)  O2 [39]. Note that the letter (T) in T#2 
describes that the Li ions on tetrahedral sites [39]. Another phase, O6’ (ordered O6), 
has theoretically been predicted by Carlier et al. [39]. However, it is not included in 
the present thermodynamic modeling because no experimental evidence is available. 
The O2 structural LiCoO2–CoO2 pseudo-binary phase diagram up to 250 °C has 
been constructed by Carlier et al. [39] using ab initio calculations and Monte Carlo 
simulations. Although the diagram contains the non-existing O6’ phase and half of it 
is based on estimation, it provides good knowledge about the phase transformations. 
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The O2-LiCoO2 phase is metastable and transforms into the thermodynamically 
stable O3-LiCoO2 phase upon heating [47,48]. However, during the cycling of 
Li/O2-LiCoO2, no such kind of transformation is detected [39,47,48]. 
Table 3.5 summarized the structural data of the phases in this pseudo-binary 
system. Further information about the crystal structures of these phases can be found 
in Ref. [39,49]. 
Table 3.5 Crystal structures of the phases in the O2 LiCoO2–CoO2 system. 
Phase Description Space group
Lattice parameters (Å) 
x in LixCoO2 Ref. a b c 
O2 layered O2 R 3m 2.806 
2.809 
2.804 
2.830 
2.806 
2.809 
2.804 
2.830 
 9.520 
 9.560 
 9.537 
 8.987 
x = 1 
x = 1 
x = 1 
x = 0.15 
[45] 
[47] 
[49] 
[49] 
O2’ ordered O2 R 3m 2.814 2.814 9.323 x = 0.23 [49] 
T#2 layered T#2 Cmca 2.810 
2.809 
4.850 
4.843 
9.908 
9.951 
x = 0.61 
x = 0.56 
[49] 
[49] 
T#2’ ordered T#2 Cmca 2.812 4.836  9.950 x = 0.5 [49] 
O6 layered O6 R 3m 2.812 
2.811 
2.811 
2.805 
2.812 
2.811 
2.811 
2.805 
29.463 
29.250 
29.433 
29.312 
x = 0.43 
x = 0.36 
x = 0.42 
x = 0.37  
[47] 
[47] 
[49] 
[49] 
 (b) Thermodynamic data. The experimental thermodynamic data for the O2 
structural LiCoO2–CoO2 system are scarce. For the O2-LiCoO2 phase, the enthalpy of 
formation at 298 K has been determined by Wang and Navrotsky [51] using drop 
solution calorimetry. The enthalpy difference between the O2-LiCoO2 and O3- 
LiCoO2 phases is 8.2 kJ/mol [51]. There is a printing error in the original paper by 
Wang and Navrotsky [51] so the enthalpy of formation for O2-LiCoO2 is -671.2 
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kJ/mol, rather than -652.3 kJ/mol [51]. No experimental data are available for other 
phases. 
As described in Chapter 3.1, ab initio and empirical methods have been used to 
evaluate the thermodynamic properties of the oxides in the Li–Co–O system. The 
enthalpies of formation for T#2- and O6-LixCoO2 (0  x  1) phases relative to 
O2-CoO2 and O2-LiCoO2 have been obtained by Carlier et al. [39] using ab initio
calculations. These data are good initial inputs for the thermodynamic modeling. 
3.2.2 Thermodynamic optimization 
The O3 structural LiCoO2–CoO2 system was reassessed based on the 
optimization of Abe and Koyama [40]. Firstly, the parameters of O3-LiCoO2 were 
adjusted considering the available heat capacity, formation enthalpy and entropy 
values of this phase, as shown in Tables 3.6 and 3.7. In order to better fit the cell 
voltage data [119], a more negative formation enthalpy of O3-LiCoO2 is used. The 
parameters of O3-CoO2 were set according to enthalpy of formation and entropy data 
of this phase. Then the parameters of H1-3 and O1 structural CoO2 were introduced 
based on the enthalpy difference compared to the O3 structural CoO2 [132]. The 
interaction parameters in the O3 and H1-3 structural phases were determined by the 
ab initio data [44,132]. The parameters for the O3’ phase were adjusted considering 
the order-disorder transition. In order to better fit both the ab initio and experimental 
data, temperature-dependent parameters were also used. Finally, all the parameters 
were optimized simultaneously. 
Chapter 3 Results and discussion 
- 51 - 
Table 3.6 Formation enthalpy per mole formula unit of O3-LiCoO2 and O2-LiCoO2. 
Phase Hf (kJ/mol) Hdiff. (kJ/mol) T (K) Method Reference 
O3-LiCoO2 –679.4 
–693.4 
–687.0 
–678.0 
–694.0 
– 
– 
– 
– 
– 
298 
0 
0 
298 
298 
Calorimetry 
ab initio 
ab initio 
CALPHAD 
CALPHAD 
[51] 
This work 
[35] 
[40] 
This work 
O2-LiCoO2 –671.2 
–684.4 
– 
–685.8 
+8.2 
+9.0 
+7.0 
+8.2 
298 
0 
0 
298 
Calorimetry
ab initio 
ab initio 
CALPHAD 
[51] 
This work 
[39] 
This work 
Table 3.7 Entropy and heat capacity of O3-LiCoO2 and O2-LiCoO2 at 298 K. 
Phase S (J/(mol·K)) Cp (J/(mol·K)) Method Reference 
O3-LiCoO2 52.45 
– 
52.17 
54.5 
53.2 
52.45 
71.57 
71.80 
69.83 
– 
79.28 
71.66 
Calorimetry 
2- relaxation method 
DSC 
Empirical method 
CALPHAD 
CALPHAD 
[41] 
[42] 
[43] 
This work 
[40] 
This work 
O2-LiCoO2 54.5 
52.45 
– 
71.66 
Empirical method 
CALPHAD 
This work 
This work 
The Gibbs energy expression of O2-LiCoO2 was then determined considering the 
enthalpy difference from O3-LiCoO2, as shown in Table 3.6. The parameters of 
O2-CoO2 were fixed according to the theoretical result in Chapter 3.1. Taking 
O2-LiCoO2 and O2-CoO2 as references, the thermodynamic parameters of T#2 and 
O6, as well as the interaction parameter in O2, were optimized on the basis of the ab 
initio data from Ref. [39]. The parameters for O2’ and T#2’ were adjusted considering 
the order-disorder transition. Finally, all the parameters were optimized 
simultaneously. The obtained thermodynamic parameters in the O3 and O2 structural 
LiCoO2–CoO2 pseudo-binary systems are listed in Table 3.8.  
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Table 3.8 Summary of the thermodynamic parameters in the layered O3 and O2 
structural LiCoO2–CoO2 pseudo-binary systems*. 
O3 structural LiCoO2–CoO2 system 
O3: (Li, Va)1(Co)1(O)2
oG O3Li:Co:O – H
SER
Li – H
SER
Co   – 2 H
SER
O  =  + GO3LICOO2 
oG O3Va:Co:O – H
SER
Co  – 2 H
SER
O  =  + GO3COO2 
0L O2Li,Va:Co:O = – 60000; 
1L O2Li,Va:Co:O = + 8000 + 30·T
O3’: (Li, Va)1/2(Li, Va)1/2(Co)1(O)2
oG O3'Li:Li:Co:O  =  
oG O3'Va:Va:Co:O  = 0; 
oG O3'Li:Va:Co:O  =  
oG O3'Va:Li:Co:O  = – 225 – 7.97·T
0L O3'*:Li,Va:Co:O =  
0L O3'Li,Va:*:Co:O = 0 
H1-3: (Li, Va)1/2(Co)1(O)2
oG H1-3Li:Co:O – 0.5 H
SER
Li – H
SER
Co – 2 H
SER
O  = 
– 9500 + 11·T + 0.5·GO3COO2 + 0.5·GO3LICOO2 
oG H1-3Va:Co:O – H
SER
Co  – 2 H
SER
O  = – 700 + GO3COO2 
0L H1-3Li,Va:Co:O = – 37800 + 12·T; 
1L H1-3Li,Va:Co:O = + 15000 
O1: (Co)1(O)2
oG O1Co:O – H
SER
Ni  – 2 H
SER
O  = – 4100 + GO3COO2 
Functions: 
GO3LICOO2 = – 727800 + 552.55·T – 87.71·T ·ln(T) – 0.0107·T2 + 9.96·105·T -1
GO3COO2 = – 285900 + 195·T + oG Com + 
oG 2Om
O2 structural LiCoO2–CoO2 system 
O2: (Li, Va)1(Co)1(O)2
oG O2Li:Co:O – H
SER
Li – H
SER
Co  – 2 H
SER
O  = + GO2LICOO2 
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oG O2Va:Co:O – H
SER
Co  – 2 H
SER
O  = + GO2COO2 
0L O2Li,Va:Co:O = – 72105 + 28·T; 
1L O2Li,Va:Co:O = + 11080 + 30·T
O2’: (Li, Va)1/2(Li, Va)1/2(Co)1(O)2
oG O2'Li:Li:Co:O  =  
oG O2'Va:Va:Co:O  = 0; 
oG O2'Li:Va:Co:O  =  
oG O2'Va:Li:Co:O  = – 5450 + 4.8·T
0L O2'*:Li,Va:Co:O =  
0L O2'Li,Va:*:Co:O = 0 
T#2: (Li, Va)1(Co)1(O)2
oG
#T 2
Li:Co:O – H
SER
Li – H
SER
Co   – 2 H
SER
O  = + 8309 + 6·T + GO2LICOO2 
oG
#T 2
Va:Co:O – H
SER
Co  – 2 H
SER
O  = + 13902 + 7·T + GO2COO2 
0L
#T 2
Li,Va:Co:O = – 131310 + 26·T; 
1L
#T 2
Li,Va:Co:O = +8000 
T#2’: (Li, Va)1/2(Li, Va)1/2(Co)1(O)2
oG
#T 2'
Li:Li:Co:O  =  
oG
#T 2'
Va:Va:Co:O  = 0; 
oG
#T 2'
Li:Va:Co:O  =  
oG
#T 2'
Va:Li:Co:O  = – 80 – 8.27·T
0L
#T 2'
*:Li,Va:Co:O =  
0L
#T 2'
Li,Va:*:Co:O = 0 
O6: (Li, Va)1(Co)1(O)2
oG O6Li:Co:O – H
SER
Li – H
SER
Co   – 2 H
SER
O  = + 900 + 24.6·T + GO2LICOO2 
oG O6Va:Co:O – H
SER
Co  – 2 H
SER
O  = + 280 + 10.5·T + GO2COO2 
0L O6Li,Va:Co:O = – 90403 – 7·T; 
1L O6Li,Va:Co:O = + 20·T
Functions: 
GO2LICOO2 = +8200 + GO3LICOO2 
GO2COO2 = – 282730 + 195·T + oG Com + 
oG 2Om
* All parameters are given in SI units (J, mol, K). The Gibbs energies for Li, Co and O 
are from the SGTE compilation [86]. 
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3.2.3 Calculations of thermodynamic properties and phase diagrams 
(1) O3 structural LiCoO2–CoO2 system 
Using the obtained thermodynamic description, thermodynamic properties can 
be calculated and compared with the literature data. 
Fig. 3.10 (a) Gibbs energy of formation for O3-LiCoO2 obtained by CALPHAD 
calculations (Ref. [40] and this work) compared with experimental data [51,133-136]; 
(b) Enthalpy of formation for O3-LixCoO2 (0  x  1) at 298 K obtained by 
CALPHAD calculations (Ref. [40] and this work) compared with experiment [71] and 
ab initio data (from this work in Chapter 3.1). 
Fig. 3.10 shows calculated Gibbs energy of formation for O3-LiCoO2 and the 
enthalpy of formation for O3-LixCoO2 (0  x  1) at 298 K compared with literature 
data [40,51,133-136]. Both the CALPHAD calculations from the present work and 
Ref. [40] agree well with the experimental data [133,135,136]. As it can be seen from 
Fig. 3.10b, the experimental data [71] are not perfectly reproduced by this work, but 
the present result is still within the reasonable error range and similar to the ab initio 
calculations. The calculated formation enthalpies of H1-3, O3’ and O3 referred to 
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Fig. 3.11 Calculated enthalpies of 
formation for O3-LixCoO2 (0  x  1) and 
H1-3 (0  x  0.5 in LixCoO2) relative to 
O3-LiCoO2 and O3-CoO2 compared with 
the ab initio data [44,132]. The circles and 
diamonds correspond to the data that are 
not used in the thermodynamic modeling.
O3-LiCoO2 and O3-CoO2 are shown in Fig. 3.11. The ab initio data from Ref. 
[44,132] and CALPHAD calculation from Ref. [40] are also presented. Note that the 
calculated curves of O3’ and O3 in this work show negligible difference in the 
diagram because the ordering energy is quite small, as discussed above. The 
calculated enthalpy of formation, 
entropy and heat capacity of 
O3-LiCoO2 at 298 K are also 
presented in Tables 3.6 and 3.7, 
which show good agreement with 
the literature data [35,41-43]. In the 
present work, the interaction 
parameters in the O3 phase are 
adjusted on the basis of the ab initio
data of the disordered O3 phase [44]. 
The reason is that if the data of 
ordered O3 are adjusted, the deviations between calculation and experimental 
formation enthalpy [71] in Fig. 3.10b will be larger and the agreement with the 
experimental cell voltage data [14,119,129] will be worse. 
The calculated phase diagram of the O3 structural LiCoO2–CoO2 system together 
with the experimental data is presented in Fig. 3.12a. The CALPHAD result from Abe 
and Koyama [40] is shown in Fig. 3.12b, which overestimates the order-disorder 
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transition temperature and presents a wide range of the ordered phase. Compared with 
Ref. [40], the present work can describe the experimental order-disorder transition 
perfectly. 
Fig. 3.12 Phase diagrams of the O3 structural LiCoO2–CoO2 pseudo-binary system: (a) 
calculated by this work compared with the experimental data [117,120]; (b) calculated 
by Abe and Koyama [40]. The dotted lines indicate the order-disorder transition. 
Fig. 3.13 Calculated phase diagram of the O3 structural LiCoO2–CoO2 pseudo-binary 
system at 298 K and the results obtained by experiments [14,47,95,117,122,123], ab 
initio and Monte Carlo simulations [44,132] and CALPHAD [40]. 
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Further comparisons between the two CALPHAD calculations with literature 
data can be seen in Fig. 3.13, which summarizes the phase diagrams of the O3 
structural LiCoO2–CoO2 system at 298 K from experimental data and theoretical 
calculations. As mentioned above, because O3(II) and O3 are considered as one O3 
phase in the thermodynamic modeling, the CALPHAD calculations cannot reproduce 
the O3(II) + O3 two phase regions. However, the present work can describe other 
phase equilibria more reasonably than the calculation from Ref. [40]. 
(2) O2 structural LiCoO2–CoO2 system 
Fig. 3.14 shows the 
calculated enthalpies of 
formation for O2-, O6-, and 
T#2-LixCoO2 (0  x  1) relative 
to O2-LiCoO2 and O2-CoO2
compared with the ab initio data 
[39]. In order to better fit the 
experimental phase equilibria 
data [39,47], the present 
parameters cannot describe the formation enthalpy data of O2-LixCoO2 in the range of 
0.5 ~ 0.8 quite well. However, other calculations agree well with the ab initio data 
[39]. The calculated enthalpy, entropy and heat capacity of O3-LiCoO2 at 298 K can 
also reproduce the available literature data, as shown in Tables 3.6 and 3.7.  
Fig. 3.14 Calculated enthalpies of formation 
for O2-, O6-, and T#2-LixCoO2 (0  x  1) 
relative to O2-LiCoO2 and O2-CoO2
compared with the ab initio data [39]. 
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Using the present thermodynamic description, the phase diagram of the O2 
structural LiCoO2–CoO2 pseudo-binary system can be calculated, as shown in Fig. 
3.15a. According to the present calculation, the O2’ and T#2’ phases exist below 389 
K and 360 K, respectively. The phase diagram obtained by Carlier et al. [39] using ab 
initio calculations and Monte Carlo simulations [39] is also presented in Fig. 3.15b as 
a comparison. According to their calculation, the O2’ phase exists below 389 K and 
the T#2’ phase does not exist. Also, the O6’ (ordered O6) phase, which is not detected 
by experiments, is stable in their calculation. 
Fig. 3.15 Phase diagrams of the O2 structural LiCoO2–CoO2 pseudo-binary system: (a) 
calculated by this work; (b) obtained by ab initio calculations and Monte Carlo 
simulations [39]. The dotted lines indicate the order-disorder transition and the dashed 
lines indicate the approximate limits of the T#2 phase. 
The calculated phase diagram of the O2 structural LiCoO2–CoO2 pseudo-binary 
system at 298 K is compared with literature data [39,46,47], as shown in Fig. 3.16. 
The data from Ref. [46] show significant discrepancies from others. This work can 
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describe the experimental data from Refs. [39,47] and reflect the phase changes 
perfectly. 
Fig. 3.16 Calculated phase diagram of the O2 structural LiCoO2–CoO2 pseudo-binary 
system at 298 K compared with literature data [39,46,47]. 
3.2.4 Reproducing the cell voltages of Li/LixCoO2
The calculated cell voltage of Li/O3-LixCoO2 (0  x  1) at 300 K from this work 
is shown in Fig. 3.17a. The CALPHAD calculation [40], as well as the experimental 
data [14,118,119], is presented as a comparison. Note that the most reliable 
experimental data are from Refs. [14,119]. Data from Ref. [118] (obtained using a 
commercial cell) are only presented for a comparison. Other experimental cell voltage 
curves of Li/O3-LiCoO2 [47,48,117,124] are between the range of the results from 
Refs. [14,118]. The present calculation can reproduce the experimental data [14,119] 
more reasonably than that of Ref. [40]. The maximum deviation of the cell voltage 
data is decreased from -11.2% to -4.7%. The plateau in the Li-rich region cannot be 
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described because that the insulator-metal two phase region is not considered in the 
thermodynamic modeling. 
The calculated cell voltage of Li/O2-LixCoO2 (0  x  1) at 300 K compared with 
the experimental data [39,47,50] is shown in Fig. 3.17b. The calculation can 
reproduce the experimental data perfectly. 
Fig. 3.17 Calculated cell voltages at 300 K compared with literature data 
[14,39,40,47,50,118,119]: (a) Li/O3-LixCoO2 (0  x  1); (b) Li/O2-LixCoO2 (0  x 
1). Note that data from Ref. [118] (obtained using a commercial cell) are only 
presented as a comparison. 
3.2.5 Summary 
The layered O3 and O2 structural LiCoO2–CoO2 pseudo-binary systems have 
been studied using the CALPHAD approach. All the calculations agree well with 
literature data and the cell voltages of Li/LiCoO2 are well reproduced. This shows that 
CALPHAD modeling has successfully been applied to study the phase equilibria, 
thermodynamic and electrochemical properties of cathodes in LIBs. The obtained 
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thermodynamic description can be used to further model the Li(Co,M)O2–(Co,M)O2
(M = transition metal) system, which will enable predictions of phase transition in the 
Li/Li(Co,M)O2 cells, as well as the cell voltages. 
3.3 Optimization of LiNiO2–NiO2 and Li(Co,Ni)O2–(Co,Ni)O2
systems 
3.3.1 Literature data for LiNiO2–NiO2 pseudo-binary system
(1) Phase information
During cycling of the Li/O3-LiNiO2 cell, four different phases are detected in the 
LiNiO2–NiO2 pseudo-binary system, i.e., O1, H1-3, O3 and O3’ (ordered O3) 
[16,17,107,110]. 
 (a) The O3 phase. This phase is isostructural with -NaFeO2, having 
close-packed oxygen layers stacked in an ABC sequence with Li+ and Ni3+ residing in 
octahedral sites within the fcc oxide array. Due to the hexagonal structure with the 
3R m  space group, this phase is also labeled as H1 [17], R0 [106], or R1 [107]. 
(b) The O3’ (ordered O3) phase. When x in LixNiO2 decreases to ~ 0.75, a 
distortion of the O3 structure occurs and the monoclinic phase (M) is detected [16,17]. 
The reported monoclinic distortion is 0.21 at x = 0.45 and 0.56 at x = 0.78 [107]. 
Since the distortion is quite small, the M phase is treated as ordered O3 phase in the 
present work. In the layered O3 structure, the lithium planes have triangular 
connectivity. The ordered arrangements on the triangular lattice can appear with 
nearest neighbor and next nearest neighbor pair interactions [6]. Thus, there are five 
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possible ground states of Li/vacancy ordering in the lithium planes of LixNiO2 (0 < x
< 1), i.e., x = 1/4, 1/3, 1/2, 2/3 and 3/4. Fig. 3.18 shows the typical ground states of 
Li/vacancy ordering. However, only three of the possibilities have been 
experimentally detected [94,132]. Apart from the possibilities at x = 1/4 and 1/3 [110], 
the Li/vacancy ordering exists at the whole range of 0.5  x  0.75, where the 
monoclinic distortion occurs [132]. Therefore, it is reasonable to treat the monoclinic 
phase as the ordered O3 phase. Also, this phase description is an analogy to the 
LiCoO2–CoO2 system, as shown in Chapter 3.2. Although the ground states at x = 1/4 
and 1/3 are verified by experiments [110], they are currently not considered because 
the H1-3 phase is more stable at these compositions [16,17,107,110]. 
Fig. 3.18 Possible ground states of Li/vacancy ordering in the lithium planes of the 
O3-LixNiO2 phase (0 < x < 1). Ground states exist for x = 1/4, 1/3, 1/2, 2/3 and 3/4 [6]. 
Primitive cells are highlighted. 
(c) The O1-NiO2 phase. This phase is the other end-member in the LiNiO2–NiO2
pseudo-binary system, which has been named as H3 [17,107] or H4 [95,110] due to 
its hexagonal structure. There is no doubt that the O1 structure is stable at NiO2
composition and has no solubility of Li [95], which is similar to O1-CoO2. However, 
for phases with a significant excess of nickel on Li sites, the O3 structure will be more 
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stable than O1 [95]. This can explain why the end-member phases detected by 
Ohzuku et al. [16] and Arai et al. [107] have Li solubility and exhibiting 3R m  space 
group. 
(d) The H1-3 phase. The structure of the phase existing at x = 0.15 ~ 0.35 in 
LixNiO2 [10,17] is not clearly determined, which has been designated as H2 [17,107] 
or R2 [95,110] because it is a hexagonal phase with the 3R m  space group. With an 
analogy to the LiCoO2–CoO2 system, it is described as the H1-3 phase.  
(2) Phase diagram data 
Four experimental LiNiO2–NiO2 pseudo-binary phase diagrams at 298 K 
[16,17,107,110] have been proposed by means of electrochemical studies and in situ
XRD. The experiments show that the symmetry of the disordered phase is maintained 
as the Li/O3-LixNiO2 (0  x  1) cell is charged to x = 0.75. Arai et al. [17] found the 
composition at x = 0.75 corresponds to an order-disorder transition, while Ohzuku et 
al. [16] proposed that the hexagonal phase is sharply converted into M at this 
composition. However, a two-phase region (O3 + M) is found at x = 0.75 ~ 0.85 and 
0.68 ~ 0.78 by Li et al. [107] and Delmas et al. [110], respectively.  
At x < 0.5, some controversy about the phase diagram exists. The single H1-3 
phase region has been reported at x = 0.25 ~ 0.45 [16], 0.15 ~ 0.35 [17], 0.31 ~ 0.43 
[107] and 0.22 ~ 0.29 [110]. Li et al. [107] and Delmas et al. [110] also found a 
two-phase (M + H1-3) region at 0.43 ~ 0.5 and 0.29 ~ 0.36, respectively. As the 
experimental methods applied in these studies [16,17,107,110] are similar and none of 
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the results is quite consistent with the others, it is difficult to judge which is the most 
reasonable one. 
At elevated temperatures, the M phase will transform into the disordered O3 
phase [133,134]. The transformation temperature is found to be 383 ~ 413 K for 
Li0.5Ni1.02O2 [133] and 393 ~ 413 K for Li0.52NiO2 [134], respectively. This 
transformation is also considered due to the correlated Li/vacancy ordering [134]. At 
even higher temperatures (~ 473 K), the O3 and H1-3 phases will transform into the 
spinel phase [133,134], which is not within the scope of the present work. 
The LiNiO2–NiO2 pseudo-binary phase diagram has been studied by ab initio
calculations and Monte Carlo simulations [133]. Only the disordered and ordered 
O3-LixNiO2 phases are considered in their theoretical result and thus the reported 
phase diagram at 298 K is different from experimental ones [16,17,107,110]. 
(3) Thermodynamic data 
The experimental thermodynamic data for the LiNiO2–NiO2 system are scarce. 
For the O3-LiNiO2 phase, the enthalpy of formation at 298 K and heat capacity below 
300 K have been determined by Wang and Navrotsky [19] using drop solution 
calorimetry and by Kawaji et al. [41] using adiabatic calorimetry. No experimental 
data are available for other phases. 
The enthalpies of formation for the ordered O3-LixNiO2 (0 < x < 1) phases 
relative to O3-NiO2 and O3-LiNiO2 have been obtained by ab initio calculations [38]. 
In Chapter 3.1, ab initio calculations have also been performed to obtain enthalpies of 
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formation for LixNiO2 phases. These ab initio data are good initial inputs for the 
modeling. 
3.3.2 Thermodynamic optimization 
The reliable literature data [16,17,19,38,41,107,110,133,134] and ab initio data 
obtained from this work were employed in the optimization. In the modeling, all the 
parameters related to the available thermodynamic data are fixed and other parameters 
are optimized considering the limited phase equilibria data simultaneously. Thus, the 
CALPHAD results can well reproduce all the thermodynamic properties from 
literature [19] and the present ab initio calculations. As no heat capacity data above 
298 K are available, the Neumann-Kopp rule is applied for the heat capacities of all 
phases. The parameters for the O3 phases are determined considering the literature 
data [38,41]. A term, –7.16·T·ln(T), is added for O3-LiNiO2 in order to adjust the heat 
capacity data at 298 K [41]. The optimized thermodynamic parameters in the 
LiNiO2–NiO2 pseudo-binary system are listed in Table 3.9. 
Table 3.9 Summary of the thermodynamic LiNiO2–NiO2 pseudo-binary system*. 
O3: (Li, Va)1(Ni)1(O)2
oG O3Li:Ni:O – H
SER
Li – H
SER
Ni   – 2 H
SER
O  = – 60200 + 240·T – 7.16·T·ln(T) 
 + oG Lim + 
oG Nim + 
oG 2Om
oG O3Va:Ni:O – H
SER
Ni  – 2 H
SER
O  = – 236080 + 194·T + 
oG Nim + 
oG 2Om
0L O3Li,Va:Ni:O = – 50100; 
1L O3Li,Va:Ni:O = 0 
O3’ : (Li, Va)1/2(Li, Va)1/2(Ni)1(O)2
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oG OrdLi:Li:Ni:O  =  
oG OrdVa:Va:Ni:O  = 0 
oG OrdLi:Va:Ni:O  =  
oG OrdVa:Li:Ni:O  = – 14250 
0L Ord*:Li,Va:Ni:O =  
0L OrdLi,Va:*:Ni:O = – 10800 
H1-3: (Li, Va)1/2(Ni)1(O)2
oG H1-3Li:Ni:O – 0.5 H
SER
Li – H
SER
Ni   – 2 H
SER
O  = – 421980 + 180·T 
+ 0.5 oG Lim + 
oG Nim + 
oG 2Om
oG H1-3Va:Ni:O – H
SER
Ni  – 2 H
SER
O  = – 236540 + 205·T + 
oG Nim + 
oG 2Om
0L H1-3Li,Va:Ni:O = – 31500; 
1L H1-3Li,Va:Ni:O = + 10000 
O1: (Ni)1(O)2
oG O1Ni:O – H
SER
Ni  – 2 H
SER
O  = – 236870 + 190·T + 
oG Nim + 
oG 2Om
* All parameters are given in SI units (J, mol, K). The Gibbs energies for Li, Ni and O 
are from the SGTE compilation [86].
3.3.3 Calculations of thermodynamic properties and phase diagrams 
Fig. 3.19 Calculated thermodynamic properties compared with the literature data 
[38,41]: (a) Heat capacity of O3-LiNiO2; (b) Enthalpies of formation for O3-LixNiO2
(0 < x < 1) relative to O3-NiO2 and O3-LiNiO2. 
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The calculated heat capacity of O3-LiNiO2 together with experimental data [41] 
is shown in Fig. 3.19a. Fig. 3.19b shows the calculated enthalpies of formation for 
O3-LixNiO2 (0 < x < 1) relative to O3-NiO2 and O3-LiNiO2, which agree well with 
the ab initio data [38]. 
The calculated LiNiO2–NiO2 pseudo-binary phase diagram below 450 K is 
shown in Fig. 3.20a. Compared with the experiments [16,17,133,134], the calculated 
order-disorder transitions are quite reasonable. However, the calculation has much 
difference from experiments [16,17,107,110] for the phase diagram at 298 K shown in 
Fig. 3.20b, especially for the H1-3 phase region. As mentioned above, the present 
modeling of the H1-3 phase region is unavoidably somewhat arbitrary. Thus, further 
more experimental work needs to be carried out to better determine the H1-3 phase 
region in this system. 
Fig. 3.20 Calculated phase diagram of the LiNiO2–NiO2 pseudo-binary system 
compared with the experimental data [16,17,107,110,133,134]: (a) from 300 K to 450 
K; (b) at 298 K. Note that the monoclinic phase (M) has been modeled as the O3 
ordered phase in the present work. 
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Considering the mixing behavior of O3-LiCoO2 and O3-LiNiO2 in the 
O3-LiCoyNi1-yO2 (0  y  1) phase (as described in Chapter 3.1) and also the similar 
experimental results for the CoO-NiO phases [135], all other structural LiCoyNi1-yO2
phases (O1 and H1-3) are taken as ideal solid solutions. As the thermodynamic 
parameters for the LiCoO2–CoO2 pseudo-binary system are available in Table 3.8, the 
thermodynamic description of the Li(Co,Ni)O2–(Co,Ni)O2 system can be obtained by 
extrapolation. 
 Only a little information on the phase equilibria data of the 
Li(Co,Ni)O2–(Co,Ni)O2 system has been reported. During the cycling of the 
Li/O3-LixCoyNi1-yO2 (0  x  1, 0 < y < 1) cells, it is found that the cathode can be 
delithiated to the composition of x = ~ 0.4 [18,20,21,111-115]. The rhombohedral 
structure is maintained and no monoclinic distortion is found during the cycling of the 
cell [18,20,21,111-115]. It seems that the mixing of the Co and Ni atoms within the 
(Co,Ni)O2 slab can stabilize the whole hexagonal structure. As the monoclinic phases 
in both the LiCoO2–CoO2 and LiNiO2–NiO2 systems have been modeled as the 
ordered O3 phase, the extrapolated description of the Li(Co,Ni)O2–(Co,Ni)O2 system 
can describe this phenomenon adequately. Ronci et al. [136] successfully removed all 
the lithium ions in the LixCo0.2Ni0.8O2 cathode and the O1-Co0.2Ni0.8O2 phase is 
detected to be stable. This indicates that the mixing of the Co and Ni atoms does not 
change the relative stability of the structures in the CoyNi1-yO2 phase. Thus, the O1 
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Fig. 3.21 Calculated cell voltage of Li/O3-LixNiO2
(0  x  1) at 300 K compared to the experimental 
data [110,121].
structure is always stable compared to the O3 structure at the composition of 
CoyNi1-yO2. 
3.3.4 Prediction of cell voltages for Li/O3-Li(Co,Ni)O2
The calculated cell 
voltage of Li/O3-LixNiO2 (0 
 x  1) at 300 K is shown in 
Fig. 3.21, which is consistent 
with the experimental data 
[110,121]. As the calculation 
performed on the 
Li/O3-LixCoO2 cell also 
agrees well with the 
experimental data (in Chapter 
3.2), it is reliable to predict the cell voltages of Li/O3-LixCoyNi1-yO2 (0  x  1, 0 < y 
< 1). Taking four Li/O3-LixCoyNi1-yO2 cells (y = 0.3, 0.5, 0.6 and 0.8) as examples, 
the calculated cell voltages at 300 K are shown in Fig. 3.22. As no experimental open 
circuit voltage data are available, the first charge/discharge profiles during cycling of 
these cells [18,20,21] are shown as a comparison. In all the cases, the calculations 
agree well with the experimental data. The deviations between calculated and 
experimental cell voltages are in the range of -3.2% ~ +2.6%. This shows a success of 
the thermodynamic description in predictions of cell voltages for Li ion batteries. 
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Fig. 3.22 Calculated cell voltages of Li/O3-LixCoyNi1-yO2 (0.4  x  1) at 300 K 
compared to the experimental data [18,20,21]: (a) y = 0.3; (b) y = 0.5; (c) y = 0.6; and 
(d) y = 0.8. 
3.3.5 Summary 
Thermodynamic modeling of the O3 structural LiNiO2–NiO2 pseudo-binary 
system has been performed using the CALPHAD approach and the thermodynamic 
description of the Li(Co,Ni)O2–(Co,Ni)O2 system is obtained by extrapolation. The 
calculations agree well with the available literature data and the present ab initio
results. The cell voltages of Li/O3-Li(Co,Ni)O2 can be predicted by the present 
thermodynamic description. This enables the investigations of further 
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Li/Li(Co,Ni,M)O2 cells and the design of future cathode materials with effiency.
3.4 Optimization of Li–O system 
3.4.1 Evaluation of literature data 
(1) Phase equilibrium data 
Five stable phases at temperature above 298 K, i.e. (Li), Li2O, Li2O2, liquid and 
gas phases, are considered in the present work. The (Li) phase with bcc structure is 
the (Li) phase mentioned by Sangster and Pelton [137]. The (	Li) phase with hcp 
structure [137] is not considered because it is only stable at temperature below 80 K 
[137]. Although lithium oxides, Li3O2 and LiO2, may exist, they need further 
confirmation (refer to Ref. [137] for details). 
The equilibria between the liquid phase and solid Li2O have been investigated 
several times [138-141] and the solubility of O in liquid over temperature range 
468-1007 K has been well determined. As the Li samples used are of high purity and 
the results from Refs. [138-141] are consistent within experimental error, all the 
solubility data are used in the present modeling. Sangster and Pelton [137] reviewed 
the solubility data from Refs. [138-141] and reported an eutectic reaction involving 
(Li), Li2O and liquid at 453.6 K with a liquid composition of 2 × 10-4 at.% O. The 
solubility of O in (Li) is unknown, but considered negligible. 
The melting point of Li2O remains uncertain. Jaeger and van Klooster [142] 
assumed that the melting point is around 1973 K because they were unable to melt 
Li2O despite heating up to 1898 K. Van Arkel et al. [143] observed that Li2O melts 
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quite sharply at 1843 K. Although this value is generally accepted [137,144,145], it is 
not accurate because the magnesium oxide crucible used was strongly attached by the 
molten lithium oxide [143]. Brewer and Margrave [145] determined the melting point 
to be 1700 ± 15 K with an optical pyrometer. Later, Papin et al. [146] reported the 
melting point to be 1705 ± 5 K and Akiyama et al. [147] found it to be 1703 ± 2 K 
based on their experimental results. The most reliable melting point, 1711 ± 5 K, 
comes from the experimental work by Ortman and Larsen [148], who prepared the 
Li2O sample with high purity and designed the experiments with great care to 
eliminate possible experimental error. Brewer [149] estimated the boiling point of 
Li2O to be 2600 ± 100 K. 
Li2O2, which decomposes into Li2O and O2 on heating, is known to be one of the 
starting materials for production of Li2O. The decomposition temperature was first 
studied by Tzentnershver and Blumenthal [150] and found to be 468 K. It is strange 
that this value was accepted by Chase [70]. Based on DTA (differential thermal 
analysis) and XRD results, Rode et al. [151] found that Li2O2 undergoes a solid state 
transformation at 498-508 K and decomposes at 588-618 K. However, an independent 
study by Notz and Bach [152] who used the same methods as Rode et al. [151] 
revealed no solid state transformation of Li2O2 and showed that the decomposition 
temperature is about 623 K. Notz and Bach [152] also found that the decomposition 
temperature decreases strongly when Li2O2 is not pure. This could explain much of 
the scatter found in the literature. Tsentsiper and Kuznetsova [153] studied the 
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kinetics of thermal decomposition for Li2O2 and indicated the decomposition 
temperature is about 563 K. In 2009, Ferapontov et al. [154] prepared Li2O2 samples 
by various methods and determined that Li2O2 decomposes in the range from 613 to 
618 K using TGA (thermogravimetric analysis), DTA, XRD and chemical analysis, in 
good agreement with Notz and Bach [152]. 
(2) Thermodynamic data 
Kolesov et al. [155] measured the heat of the reaction between Li2O and H2O at 
293 K using solution calorimetry and calculated the enthalpy of formation for Li2O at 
298 K to be -597.48 ± 1.3 kJ/mol. Johnson et al. [156] determined that OLi
298.15
2 fH is 
-597.902 ± 0.276 kJ/mol using aqueous solution calorimetry. This value is 
recommended by Sangster and Pelton [137]. Assessed data by Chase [70] is -598.73 ± 
2.1 kJ/mol based on the measurement from Kolesov et al. [155]. An early 
measurement by de Forcrand [157], -596.50 ± 0.67 kJ/mol (corrected by Johnston and 
Bauer [158]), using aqueous solution calorimetry is in good agreement with the later 
measurements. The enthalpy of fusion for Li2O was estimated to be 58.576 kJ/mol by 
Glassner [159]. This value was adopted by Chase [70]. 
Heat capacities of Li2O from 16 to 304 K were determined by Johnston and 
Bauer [158] using calorimetry. The entropy data of Li2O at 298 K, 37.89 J/(mol·K), 
was calculated by them from the experimental heat capacity data. Heat content 
measurements at higher temperatures were carried out by Shomate and Cohen [160] 
and Rodigina and Gomelskii [161] at temperature ranges from 425 to 1045 K and 
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Fig. 3.23 Heat capacity data of Li2O from the 
literature [70,158,162] compared with the Cp
function used in this work. 
from 370 to 1125 K, respectively. Their results are consistent with each other. Chase 
[70] assessed the Cp data mentioned above and reported heat capacities of Li2O from 
298.15 to 1843 K, which are used in the present thermodynamic modeling. The 
equation obtained by Knacke et al. [144] based on Chase’s assessment [70] is given 
below. 
Cp(Li2O) = 69.79 + 0.01766·T – 1.85 × 106 ·T-2,                            (2) 
Tanifuji et al. [162] also 
experimentally measured Cp of 
Li2O in the temperature range 
from 306 to 1073 K. These 
data were not used in the 
present modeling because they 
showed some discrepancy at 
about 300 K compared to other 
data [70,158], as shown in Fig. 
3.23. 
No experimental work has been done to study the enthalpy of formation for 
Li2O2 in recent years. Two values, -632.62 and -605.9 kJ/mol, were determined by de 
Forcrand [163] and Tzentnershver and Blumenthal [150] using solution calorimetry, 
respectively. De Forcrand’s result [163] has been cited by Chase [70] with an 
uncertainty of ± 8.4 kJ/mol and further experimental work is needed to obtain more 
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accurate enthalpy of formation. 
Tanifuji and Nasu [164] measured the heat capacity of Li2O2 from 301 to 566 K 
by adiabatic scanning calorimetry. These data were used by the present modeling. The 
equation obtained by Tanifuji and Nasu [164] is as follows: 
Cp(Li2O2) = 59.665 + 0.052123·T + 5.0848 × 105 ·T-2,                       (3) 
Fig. 3.24 shows the 
calculated Cp(Li2O2) together 
with data from Tanifuji and 
Nasu [164] and Chase [70]. 
Cp(Li2O2) and the entropy 
data of Li2O2 at 298 K in Ref. 
[70], were estimated by 
comparison with those of the 
Na2O2. 
Table 3.10 summarizes 
all phase equilibria and thermodynamic data in the Li–O system from literature. 
Table 3.10 Summary of the phase equilbria and thermodynamic data. 
Type of data Methoda Quoted modeb Ref. 
The eutectic reaction Assessment + [137] 
O solubility in liquid at 523-673 K Filtration and CA + [138] 
O solubility in liquid at 473-673 K Filtration and CA + [139] 
O solubility in liquid at 483 and 908 K Filtration and CA + [140] 
O solubility in liquid at 468-1007 K Filtration and CA + [141] 
Melting point of Li2O TA  [142] 
Fig. 3.24 Heat capacity data of Li2O2 from the 
literature [70,164] compared with the Cp function 
used in this work.
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Melting point of Li2O TA  [143] 
Enthalpies of formation for Li2O and Li2O2 
Heat capacity of Li2O at 298.15-1843 K 
Heat capacity of Li2O2 at 298.15-600 K
Entropy of Li2O2 at 298 K 
Assessment 


+ 


+ 
[70] 
Heat capacity of Li2O at 298.15-1843 K Assessment + [144] 
Melting point of Li2O TA  [145] 
Melting point of Li2O TA  [146] 
Melting point of Li2O TA  [147] 
Melting point of Li2O DTA, XRD and CA + [148] 
Boiling point of Li2O Estimation 
 [149] 
Decomposition temperature of Li2O2
Enthalpy of formation for Li2O2 at 298 K 
Calorimetry 
 [150] 
Decomposition temperature of Li2O2 DTA and XRD  [151] 
Decomposition temperature of Li2O2
TGA, DTA and 
XRD  [152] 
Decomposition temperature of Li2O2 DTA and XRD  [153] 
Decomposition temperature of Li2O2
TGA, DTA, XRD 
and CA + [154] 
Enthalpy of formation for Li2O at 298 K Calorimetry 
 [155] 
Enthalpy of formation for Li2O at 298 K Calorimetry + [156] 
Enthalpy of formation for Li2O at 298 K Calorimetry  [157] 
Heat capacity of Li2O at 16-304 K 
Entropy of Li2O at 298 K 
Calorimetry 
+ [158] 
Enthalpy of fusion for Li2O Estimation + [159] 
Heat capacity of Li2O at 425-1045 K Calorimetry 
 [160] 
Heat capacity of Li2O at 373-1125 K Calorimetry 
 [161] 
Heat capacity of Li2O at 306-1073 K Calorimetry  [162] 
Enthalpy of formation for Li2O2 at 298 K Calorimetry + [163] 
Heat capacity of Li2O2 at 301-566 K Calorimetry + [164] 
aCA = Chemical analysis; TA = Thermal analysis; DTA = Differential thermal 
analysis; XRD = X-ray diffraction; TGA = Thermogravimetric analysis. 
b   

used but considered as reliable data for checking the modeling;  not used. 
3.4.2 Thermodynamic optimization 
All the reliable experimental data marked in Table 3.10 were employed in the 
optimization. The optimization was carried out in several steps. Firstly, the 
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optimization began with the two oxides, Li2O and Li2O2. The parameters A for these 
two phases were determined by the enthalpies of formation, and the parameters B
were adjusted by considering entropies and the invariant reaction Li2O2  Li2O + 
Gas. Secondly, the liquid phase was introduced in the optimization. The parameters 
for liquid Li2O were determined based on the enthalpy of fusion and the melting point 
of solid Li2O. The interaction parameters L L Va,O :Li -2+1 were adjusted by considering the 
solubility of O in liquid and the invariant reaction L  (Li) + Li2O. Finally, all 
parameters were optimized simultaneously. The optimized thermodynamic parameters 
are listed in Table 3.11. 
Table 3.11 Summary of the thermodynamic parameters in the Li–O system* 
Liquid: Model (Li1+)p(O2-, Va1-)1, where p = 2 -2O y + Va y
oG L O :Li -2+1 – 2 H
SER
Li  – H
SER
O  = + GLI2O + 58585 – 34.24·T 
oG L Va,O :Li -2+1 = 920 + 12.21·T 
Li2O:  
oG OLi2 – 2 H SERLi  – H
SER
O  = + GLI2O 
Li2O2:  
oG OLi2 – 2 H SERLi  – 2H
SER
O  = + GLI2O2
Functions: 
GLI2O =  – 624800 + 446.6·T – 69.79·T·ln(T) – 0.00883·T2 + 925000·T-1 
GLI2O2 = – 662685 + 351.46·T – 59.665·T·ln(T) – 0.0260615·T2 – 254240·T-1
*All parameters are given in SI units (J, mol, K). The Gibbs energies for solid and 
liquid Li and gaseous O are from the SGTE compilation [86], and the Gibbs energies 
for gas species Li, Li2, O, O3, Li2O and Li2O2 are from Ref. [87].  
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3.4.3 Calculations of thermodynamic properties and phase diagrams 
Table 3.12 Enthalpies of formation for Li2O and Li2O2 at 298 K. 
Phase Hf (kJ/mol) Method Reference 
Li2O 
-597.48 ± 1.3 Calorimetry [155] 
-597.902 ± 0.276 Calorimetry [156] 
-596.50 ± 0.67 Calorimetry [157] 
-598.73 ± 2.1 Assessment [70] 
-599.81 ab initio This work 
-597.0 CALPHAD This work 
Li2O2
-605.9 Calorimetry [150] 
-632.62 Calorimetry [163] 
-632.62 ± 8.4 Assessment [70] 
-673.54 ab initio This work 
-644.28 CALPHAD This work 
Table 3.13 Entropies of Li2O and Li2O2 at 298 K. 
Phase S298 (J/(mol·K)) Method Reference 
Li2O 
37.89 Calorimetry [159] 
33.7 Empirical method This work 
36.50 CALPHAD This work 
Li2O2
56.484 ± 4.2 Assessment [70] 
61.3 Empirical method This work 
60.83 CALPHAD This work 
The enthalpies of formation and and entropies for Li oxides obtained by the 
present calculations together with the literature data are as shown in Tables 3.12 and 
3.13, respectively. The ab initio data and empirical result from the present work in 
Chapter 3.1 are also presented as comparisons. The formation enthalpy data for Li2O 
from different methods are consistent with each other. Also, the entropy is well 
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Fig. 3.25 Calculated solubility of O in liquid 
compared with the experimental data [138-141]. 
reproduced by the present work within experimental error. Considering the possible 
error of the reported data, the calculated results for Li2O2 are also acceptable.  
Fig. 3.25 shows the 
calculated solubility of O in 
the liquid phase, which 
agrees well with the 
experimental data from Refs. 
[138-141]. 
The Li–O phase diagram 
including the gas phase at 1 
bar total pressure has been 
calculated using the present set of thermodynamic parameters, which is shown in Fig. 
3.26. 
The calculated and reported invariant equilibria [137,148,154] are compared in 
Table 3.12. It can be seen that the present modeling can account for the reported 
invariant equilibria [137,148,149,154] very well. The thermodynamic properties of 
Li2O as well as the phase diagram up to the Li2O composition and the decomposition 
temperature of Li2O2 can be considered established within narrow limits. Some 
uncertainty remains concerning the melting temperature of Li2O. The thermodynamic 
properties of Li2O2 suggested are, however, only tentative, based mostly on old data 
and assumptions. 
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Fig. 3.26 Calculated Li–O phase diagram including the gas phase at 1 bar total 
pressure. 
Table 3.12 Comparison between the calculated and reported invariant equilibria. 
Equilibrium 
Reported Calculated 
T (K) x
L
O
(at.% O) 
Ref. T (K) x
L
O
(at.% O) 
L  (Li) + Li2O 453.6 0.0002 [137]  453.6* 0.0002 
L  Li2O 1711 ± 5 33.33 [148]  1711 33.33 
L  Gas 2600 ± 100 33.33 [149]  2673 33.33 
Li2O2  Li2O + Gas 613-621 – [154]  613.2 – 
* This value is 0.0011 K below the melting point of pure Li.  
3.4.4 Summary 
Using CALPHAD approach, the Li–O phase diagram is established for the first 
time. The calculated thermodynamic properties and phase equilibria agree reasonably 
with the literature information and the present ab initio data. A set of self-consistent 
thermodynamic parameters for the Li–O system was obtained for modeling of further 
multi-component Li-containing oxide systems. 
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Chapter 4 Conclusions and outlook 
4.1 Conclusions 
In the present dissertation, CALPHAD modeling and ab initio calculations have 
been carried out to predict the phase transitions and cell voltages of LIBs based on the 
Li–(Co,Ni)–O system. The thermodynamic datasets have been obtained for the 
subsystems, which enables the establishment of a whole thermodynamic database for 
multi-component Li-containing oxide systems and the design of future cathode 
materials with improved stability and efficiency. Above all, the following conclusions 
have been drawn. 
(1) To obtain accurate enthalpies of formation for transition metal-containing 
oxides, an approach based on ab initio calculations is proposed. For the oxides of 
transition metals with valence state +2.7 or +3, the calculated enthalpies of formation 
at 0 K agree well with available experimental data. However, for oxides of transition 
metals with valence state of +2 and +4, the data are inconsistent. It is proposed that 
the accurate enthalpy of formation per mol metal can be obtained by correcting the 
pristine GGA data with -0.8 and +0.8 eV shifts for oxides of transition metals with 
valence state of +2 and +4, respectively.  
(2) Using the above described approach, enthalpies of formation for lithium 
cobalt oxides and lithium nickel oxides have been obtained. To verify the reliability of 
this approach, the Gibbs energy functions of binary and ternary oxides in the 
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Li–Co–O and Li–Ni–O systems are determined based on the here obtained ab initio
results and empirical methods. The cell voltages of LIBs are calculated, which show 
good agreement with experimental data. It is suggested that the present theoretical 
approaches are reliable to study the thermodynamic and electrochemical properties of 
the cathodes in LIBs. 
(3) The O3-LiCoO2 phase is modeled considering the experimental heat capacity 
data and the O3 structural LiCoO2–CoO2 system is reassessed. Notable progress is 
made here compared to the previous assessment. For example, the maximum 
deviation of the heat capacity data from experiments is decreased from +11.3% to 
+0.7% and the maximum deviation of the cell voltage data from experiments is 
decreased from -11.2% to -4.7%. Based on the experimental results and ab initio data, 
thermodynamic modeling has been performed on the O2 structural LiCoO2–CoO2
system using the CALPHAD approach. Appropriate sublattice models have been 
chosen and reasonable parameters have been adjusted to describe the O2, O2’, T#2, 
T#2’ and O6 phases. The calculations show good agreement with the literature data. 
Phase equilibria of the two systems are well described. The cell voltages of 
Li/O3-LiCoO2 and Li/O2-LiCoO2 can be well reproduced by the present 
thermodynamic description. 
(4) Based on the experimental results and present ab initio data, thermodynamic 
modeling has been performed on the O3 structural LiNiO2–NiO2 pseudo-binary 
system using the CALPHAD approach. The calculated phase diagram and 
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thermodynamic properties are consistent with the literature information and the 
present ab initio data. Considering all the LixCoyNi1-yO2 ((0  x  1, 0 < y < 1) phases 
as ideal solid solutions of LixCoO2 and LixNiO2, the thermodynamic description of the 
Li(Co,Ni)O2–(Co,Ni)O2 system is obtained by extrapolation. The good agreement 
between the calculations and the experiments indicates that the cell voltages of 
Li/O3-Li(Co,Ni)O2 can be reasonably predicted by the present thermodynamic 
description. The deviations between calculated and experimental cell voltages are in 
the range of -3.2% to +2.6%. 
(5) The phase equilibria and thermodynamic data for the Li–O system were 
critically reviewed. Using CALPHAD approach, the liquid phase and two stable 
lithium oxides, Li2O and Li2O2, are reasonably modeled. The Li–O phase diagram is 
established for the first time. The calculated phase diagram and thermodynamic 
properties agree well with the literature information and present ab initio data. A set 
of self-consistent thermodynamic parameters for the Li–O system was obtained for 
modeling of further multi-component Li-containing oxide systems. 
4.2 Outlook: suggestions for future work 
Currently, advanced LIBs require lower cost, lower capacity loss, longer lifetime, 
higher energy density, higher stability and inherent safety. The Li–(Co,Ni,M)–O (M = 
transition metal) systems are promising candidates for future cathodes in LIBs. Thus, 
substitution of other transition metals (M) for Co and Ni is of interest. Also, in order 
to design new LIBs, it is essential to perform experimental/theoretical investigations 
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on the whole battery including anodes, electrolytes, electrode/electrolyte interfaces 
and kinetics of electrochemical systems. The following topics can be suggested for 
the future work. 
(1) Further study on other cathodes using the approaches proposed in Chapter 2. 
Consistent results have been obtained to study the thermodynamic and 
electrochemical properties of lithium cobalt oxides and lithium nickel oxides. It is 
important to know the reliability of the approaches for other cathodes. Due to the low 
cost and environmentally benign nature of manganese, lithium manganese oxides 
have received much attention as potential cathodes. Compared with the Li–Co–O and 
Li–Ni–O systems, Li–Mn–O is very complex because of a large variety of lithium 
manganese oxides. Taking the cubic spinel LiMn2O4 as an example, it can be studied 
using the same approaches as that in the present dissertation. Also, the influence of 
Mn substitution for Co and Ni on the performances of the O3 structural cathodes can 
be investigated.  
(2) Experimental study on phase equilibria of the Li–Co–O and Li–Ni–O 
systems. Thermodynamic description of the sub-systems, i.e. the Li–O, Co–O and 
Ni–O systems have been determined. So far, most of the reported experiments on the 
ternary systems are about the phase equilibria at room temperature, which are not 
sufficient for thermodynamic modeling. In order to establish the thermodynamic 
dataset of the whole multi-component Li-containing oxide systems, phase equilibria 
of the Li–Co–O and Li–Ni–O systems at high temperatures are essential. Also, such 
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kind of information can provide insights into the stability of cathode materials and the 
safety of LIBs. 
(3) Experimental investigations on the performance of LIBs. Since the present 
dissertation is only about theoretical work, it is essential to perform corresponding 
experimental work. Firstly, the electrochemical properties of the real materials can be 
studied. Secondly, the present thermodynamic datasets can be checked by 
experiments. Thirdly, experiments can provide new electrochemical data for the 
thermodynamic modeling. 
(4) Thermodynamic database of the whole Li–Co–Ni–M–O system. This is the 
final goal of the thermodynamic modeling. The database is important because one can 
not only obtain phase equilibria and thermodynamic properties for the materials of 
interest, but also predict stability and cell voltages of potential LIBs. To establish this 
database, data from experiments and ab initio calculations, as well as literature 
information, are required. Of course, it will be a long-term work. 
(5) Theoretical study on the anodes in LIBs. The development of electronic 
devices and electric vehicles demands higher energy densities of LIBs. Design of new 
LIBs with higher capacity can be achieved by using not only new cathodes, but also 
anodes. So far, artificial graphite, which is the most widely used anode in commercial 
LIBs, has reached its theoretical energy capacity. As alternatives of graphite, Li alloys 
(e.g., Li9Al4, Al21Si5 and Li17Sn4) with higher capacity are of great interest. However, 
the large volume change during intercalation/deintercalation of Li ions is a problem 
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that causes rapid capacity loss. Thus, new anodes with high capacity and durability 
need to be developed. The theoretical approaches proposed in this dissertation can be 
applied to study the promising anode materials. 
(6) Investigations on electrolytes, electrode/electrolyte interfaces and kinetics of 
electrochemical systems. Design of new LIBs does not only relate to the electrodes. 
The electrolyte, as well as the interfaces between the electrodes and electrolyte, plays 
a critical role in LIBs. Investigations on the electrode/electrolyte interfaces and the 
kinetics of electrochemical systems can help to find the best-performing combination 
of cathode-electrolyte-anode. This research can be done both experimentally and 
theoretically. 
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